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ABSTRACT
Murphy, Andrew B. M.S. The University of Memphis. August, 2017. A Geospatial
Investigation of the Potential for Inter-Aquifer Communication in Shelby County, Tennessee: A
Multiscale Spatial Dependency Analysis. Major Professor: Youngsang Kwon, Ph.D.
The upper-Claiborne confining unit overlies the Memphis aquifer in Shelby County,
Tennessee. Hydrogeologic windows are locations where clay intervals are thin or absent within
the confining unit, resulting in localized vertical recharge. Previous work has not been
geostatistically focused. In this study, 430 borehole geophysical logs were analyzed. The
objectives were to: 1) capture and analyze existing well log data in a geodatabase 2) utilize
geostatistical modeling at a variety of scales 3) integrate well log data with historic water-table
elevation trends and 4) produce multi-scaled maps that illustrate hydrostratigraphic trends in
terms of inter-aquifer communication.Geostatistical ordinary kriging and deterministic inverse
distance weighting were undertaken. The series of isopach maps suggest the south-central and
southeastern areas of Shelby County proximate the wellfields of Sheahan and Lichterman are in
direct hydrologic communication with the Shallow aquifer. A multi-scale geostatistical approach
contributed further understanding on varying lithology in the county.
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INTRODUCTION
Background
Groundwater is the sole source for public supply water in western Tennessee, whose
population is concentrated in Shelby County. The overwhelming majority of the county’s water
is drawn from the Memphis aquifer, with select wells being drilled to deeper depths. Memphis
Light, Gas, and Water Division (MLGW) is the primary provider of water within the county,
with smaller municipalities sourcing water through wells owned by MLGW. As of 2016, the
county’s water demands equate to groundwater withdrawals of 162 million gallons per day from
the Memphis aquifer through 222 production wells across 24 wellfields (Forthcoming
unpublished United States Geological Survey (USGS) report) (Figure 1). Under such a pumping
regime, the Memphis aquifer is a resource of regional importance. The footprint of this study
includes Shelby County and the adjacent counties of Poinsett, Mississippi, Tipton, Haywood,
Fayette, Marshall, DeSoto, and Crittenden for a total area of 5,532 square kilometers (km2)
(Figure 1).
Once thought to be a fully confined aquifer, prior detailed investigations (Graham and
Parks, 1986; Parks and Carmichael, 1990; Parks, 1990) have revealed localized absences of clay
in the upper-Claiborne confining unit, leading to an understanding of the Memphis aquifer as a
semi-confined system. These absences are referred to as “hydrogeologic windows” or simply
“windows”. Windows in the upper-Claiborne confining unit represent those areas where water
from surface and near surface sources can readily migrate into the Memphis aquifer, mixing with
deep groundwater (Bradley, 1991; Gentry et al., 2006; Larsen et al., 2013) (Figure 1).
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Figure 1: Map of study area showing Shelby County, TN, adjacent counties, MLGW municipal
well fields, and production well locations. Interpreted windows and recharge boundaries from
Parks (1990) are also included.
Communication between the Shallow and Memphis aquifers resulting from the upperClaiborne confining unit’s inability to sufficiently isolate the systems has been documented
throughout Shelby County using geologic, geochemical, geophysical, and geographic approaches
(Graham and Parks, 1986; Parks and Carmichael, 1990; Parks, 1990; Kingsbury and Parks, 1993;
Gentry et al., 2006, Koban et al., 2011; Waldron et al, 2011; Larsen et al., 2013) (Figure 2 and
Figure 3). As early as 1964, studies began to indicate localized thinning, absence, and/or sandy
composition of the confining unit (Criner, 1964).
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By the mid-1980s, Graham and Parks (1986) had integrated geophysical data with hydraulic
head measurements, carbon-14 and tritium concentrations, and geothermal gradient data to
prepare a series of interpretive maps, which suggested the presence of inter-aquifer
communication in the Memphis area (Parks, 1990). Specifically, this study confirmed the
suspected vertical migration from the water table to the Memphis aquifer along Nonconnah and
Johns Creeks towards the southern part of the Sheahan wellfield in the south-central part of the
county (Graham and Parks, 1986; Parks, 1990).
Population growth in Shelby County and accompanying development of groundwater
resources have resulted in a downward vertical hydraulic gradient from the Shallow aquifer to
the Memphis aquifer exacerbating hydrologic communication through these windows (Waldron
and Larsen, 2014). Primary recharge to the Memphis aquifer occurs through precipitation in the
unconfined portion in eastern Shelby County and western Fayette County (Figure 1) in what is
commonly referred as the “recharge zone,” but localized vertical infiltration within the semiconfined portion of Shelby County is a significant secondary source. However, these younger,
potentially contaminated waters threaten public supply water quality. Figure 2 conceptually
displays deep groundwater contamination from an unlined landfill migrating into the subsurface
and being drawn through a window along a gradient created by groundwater withdrawal from a
well.
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Figure 2: Idealized sketch of a known window and accompanying vertical recharge
pathway of groundwater along a gradient created by withdrawal and the resultant effect
on a well (Gentry et al., 2006). Water table indicated by dashed line.
In 1989, Parks undertook a study that relied on geophysical logs as the primary data
source for characterizing confining unit thickness and lithology in which he qualitatively detailed
criteria for his picks. Along with water table elevation mapping and extensive geologic
knowledge of the area, Parks was able to refine the previous work and identified the following
four sites of thin confining unit and/or anomalous water table depressions were present: the
southeastern portion of the Lichterman wellfield, an area east of the McCord wellfield, an area
between Interstate 55 and U.S Highway 78 along Nonconnah Creek, and an area west of Olive
Branch, MS (Parks, 1990). Published as a USGS Water-Resources Investigations Report, Parks
(1990) assessed the potential for the Memphis aquifer to become contaminated through
communication with surface and near surface water sources. This report informed subsequent
large-scale, field-based studies. Specifically, studies have been undertaken at the MLGW
wellfields of Allen (Bradshaw, 2011), Davis (Koban et al., 2011), Sheahan (Larsen et al., 2013),
and McCord (Gallo, 2015). At present (2017), an age-dating study is being undertaken by the
4

University of Memphis Department of Earth Sciences in the Lichterman wellfield in the
southeastern portion of the study area, of which this thesis work will inform.
Perhaps most importantly for this study, Parks’ work yielded a map of window locations
(Figure 1 and Figure 3) and overall confining unit thickness with accompanying data tables. This
project seeks to update and, where possible, refine the window locations. Parks’ primary
approach to establishing the location and extent of windows was the interpretation and
correlation of 236 geophysical logs taken between the early 1950s and late 1980s. While this
work was crucial to discovering the exposure of the Memphis aquifer to potential contamination
through windows within the county, the configuration and location of these window was largely
based on pre-existing qualitative knowledge of hydrogeological conditions within Shelby County
and lacked a rigorous statistical basis. For example, a window is depicted in the southwestern
portion of Shelby County near Presidents’ Island where no geophysical logs have been evaluated
(Figure 1 and Figure 3). Parks’ map was created at the county scale, but was based on constraint
within larger-scale field sites and there was no interpolative schema for those areas lying
between these well constrained areas. While field-based investigations are able to yield
information at larger scales, a smaller scale geospatial investigation is needed. The primary
research tasks involved in modeling subsurface variance at the county-wide scale are: 1)
increasing the number of geophysical log interpreted and 2) considering of the role of scale. By
increasing the number of interpreted logs and employing multiple interpolative methods over a
variety of scales, this geospatial report will inform further larger-scale investigations of a
hydrogeologic, geochemical, and geophysical nature.
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Figure 3: Areas of high potential for localized downward vertical recharge from near surface
sources to the Memphis aquifer in the Memphis urban area with MLGW wellfields shown in
black (from Graham and Parks, 1986).
Purpose of Study
The purpose of this study is to discover those areas within Shelby County where the greatest
potential for inter-aquifer communication exists. These areas, where localized conditions indicate
likely hydrologic communication, represent areas where the Memphis aquifer is most susceptible
to contamination from surface and near-surface water sources. This will be accomplished using
geophysical data, deterministic statistical interpolation, and geostatistical analytic techniques to
6

produce a series of maps. A multi-scale geostatistical approach will illuminate the existing
spatial dependency between borehole geophysical logs as a scale-dependent phenomenon, which
has not previously been considered. Prior investigations by Graham and Parks (1986), Parks and
Carmichael (1990); Parks (1990); Kingsbury and Parks (1993); Gentry et al. (2006); Koban et al.
(2011); Waldron et al. (2011) and Larsen et al. (2013) have explored the efficacy of the upperClaiborne confining unit in isolating Memphis aquifer from the overlying Shallow aquifer and
depicted these results in map format.
The objectives of this study are to: 1) accurately capture and analyze existing well log data in
the form of a complete and accessible geodatabase 2) utilize geostatistical modeling to evaluate
the performance of different interpolative techniques at a variety of scales 3) integrate well log
data with historic water-table elevation trends and 4) produce multi-scaled, surficial raster maps
and accompanying metadata that holistically illustrate subsurface hydrostratigraphic trends
across the study area as related to inter-aquifer communication.
Research Questions
Although the division is not absolute, the questions of interest driving this investigation are
best understood as geologic and geospatial. The former primarily relates to data quality and
accurate characterization of subsurface lithologic variance while the latter relates to data
handling and analysis. The primary geologic questions of interest are 1) within the study area,
where does the greatest potential for the Memphis aquifer to be in direct hydraulic
communication with the Shallow aquifer exist? 2) how, and to a lesser extent, why, do
hydrogeologic windows vary lithostratigraphically within the study area? The primary geospatial
questions of interest are 1) how does spatial dependency vary within the study area as a function
of geophysical log’s spatial autocorrelation and the resultant variability in interpreted thickness
and lithological composition of the upper Claiborne confining unit and 2) Given the varying
7

spatial dependency of the geophysical log locations and accompanying data, which interpolative
method produces the most reliable characterization of subsurface lithologic variation?
Utilizing geophysical techniques and exploring the spatial nature of those results leads to a
refined contextual understanding of this regionally significant issue. The significance of this
project is to not only have a nuanced understanding of windows through the confining unit, but
to provide a useful tool for informing the decision-making processes related to production well
drilling and development.
Study Area
The Memphis aquifer and its equivalents are used almost exclusively for public supply water
in the study area region, with a limited number of wells being drilled to the underlying Fort
Pillow aquifer. Prior to investigating the geospatial characteristics of windows through the
confining unit, a geologic and hydrostratigraphic understanding of the aquifer’s characteristics is
essential.
The Eocene Flour Island Formation is composed mainly of clay and silt and forms the lower
confining unit for the Memphis aquifer and upper confining unit for the Fort Pillow aquifer
(Moore and Brown, 1969) (Figure 4). Ranging from 49 to 94 meters, it contains fine sand and
lignite lenses and lies unconformably beneath the Memphis Sand and upper-Claiborne confining
layer (Graham and Parks, 1982; Waldron et al., 2011).
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Figure 4: Northwest to southeast generalized hydrologic cross section of Cretaceous to
Quaternary deposits in the Northern Mississippi Embayment illustrating the layered aquifers and
confining units underlying the study area (after Brahana and Broshears, 2001).
The Eocene Memphis Sand underlies over 11,900 km2 of western Tennessee (Brahana et al.,
1986; Parks, 1990). Reaching over 250 meters at its thickest in southwestern Shelby County, the
Memphis Sand thins to zero in the unconfined, eastern-most portion of Shelby County, along the
border with Fayette County, where primary recharge to the aquifer occurs (Parks, 1990 Brahana
and Broshears, 2001) (Figure 4). Lithologically, the Memphis Sand is a fine to coarse grained
9

quartz arenite which is primarily unconsolidated with interbedded clays and silts present (Parks
1990) (Table 1). While it is often characterized as a homogeneous body of sand, it is informally
divided into upper, middle, and lower members (Waldron et al., 2011). Due to its internal
lithostratigraphy, the Memphis Sand has the capacity to store and transmit water within the
saturated portion of the unit, where it is termed the Memphis aquifer (Graham and Parks 1982;
Parks, 1990).
The Cook Mountain Formation is comprised of clay, silt, and minor sand, and forms the
basal part of the clay-rich upper confining unit for the Memphis aquifer (Moore and Brown,
1969; Frederiksen et al., 1982; Parks, 1990) (Table 1). Ranging from approximately 45 meters to
zero thickness within the study area, the Cockfield Formation overlies the Cook Mountain
Formation and is primarily clay and silt with interbedded sand and lignite (Frederiksen et al.,
1982). Despite their significant presence within the proposed study area, the Cook Mountain and
Cockfield Formations are virtually indistinguishable on the basis of geophysical log response due
to similar lithology (Parks, 1990). The preserved sequence is mostly the undivided Cockfield and
Cook Mountain Formations (Larsen et al., 2013). Of Eocene age, the Jackson Formation forms
the upper-most portion of the upper-Claiborne confining layer, (Parks, 1990). Where the Jackson
Formation has historically been considered locally present in the northwestern portion of the
study area, it shares similar lithology with the Cockfield Formation and is now considered to be
largely locally absent (Waldron et al., 2011). Hydrogeologically, the clay content of these three
formations makes for low permeability leading to their designation as the upper-Claiborne
confining unit.
As a hydrostratigaphic unit, the upper-Claiborne confining unit is primarily comprised of the
Cook Mountain Formation overlain by the Cockfield Formation, distinguished on the basis of a
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characteristically coarsening upward sequence. However, significant spatial variance in thickness
of clay within each of the formations creates the potential for localized downward vertical
recharge (Parks, 1990; Waldron et al., 2011; Larsen et al., 2013). Following the work of Parks
(1990), this study will consider the upper-Claiborne confining unit to be the undivided interval of
sediments between the base of the overlying Pliocene to Pleistocene fluvial-terrace deposits and
the base of the Cook Mountain Formation. Given the lithologic similarities and resultant
similarities in geophysical signal response, isopachous maps of the underlying Memphis Sand
were consulted to inform the placement of the altitude of the basal portion of the confining unit.
Pliocene to Pleistocene fluvial-terrace deposits ranging from 0 to 30 meters thick
unconformably overlie the upper-Claiborne strata (Graham and Parks, 1982; Waldron et al.,
2011). Consisting of sand, gravel, minor clay lenses, and ferruginous sandstone, these terrace
deposits form the Shallow (Fluvial) aquifer. Pleistocene Loess, 0 to 20 meters thick, reaches its
thickest in the northwestern portion of the study area and generally thins eastward. This loess
overlies the fluvial terrace deposits and is composed of silt, silty clay, and minor sand.
Hydrologically, it forms a leaky confining unit to the surface.
Pleistocene to Holocene alluvium underlies the Mississippi alluvial plain and is present in
the alluvial valleys of modern stream networks in the study area, reaching its thickest beneath the
Mississippi River alluvial plain, with a general thickness of less than 15 meters elsewhere, (Van
Arsdale et al, 2012). This alluvium is composed of sand, gravel, silt, and clay and forms the
Shallow (Alluvial) aquifer, (Graham and Parks, 1982; Waldron et al., 2011; Larsen et al., 2013)
(Table 1). Together, the Shallow Fluvial aquifer and the Shallow Alluvial aquifer comprise the
Quaternary shallow aquifer, which has no public supply uses
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within the study area (Waldron et al., 2011). The water table is generally encountered at varying
depths within these deposits, and the Quaternary shallow aquifer is also referred to as the “water
table aquifer.” Table 1 summarizes the hydrologic significance of these units.

Table 1: Description of geologic and hydrostratigraphic units underlying Shelby County,
Tennessee, from Larsen et al., 2013 adapted from Graham and Parks (1986) with modifications
from Waldron et al. (2011).
Series

Group

Stratigraphic
unit

Hydrostratigraphic
unit

Thickness
(m)

Holocene
and
Pleistocene

Alluvium

Shallow
(Alluvial)
aquifer

0-53

Pleistocene

Loess

Leaky
confining unit

0-20

Pleistocene
and
Pliocene (?)

Fluvial terrace
deposits

Shallow
(Fluvial)
aquifer

0-30

Jackson
Formation
Cockfield and
Cook
Mountain
Formations

upperClaiborne
confining layer

0-110

Memphis Sand

Memphis
aquifer

Flour Island
Formation

Flour Island
confining layer

49-94

Fort Pillow
Sand

Fort Pillow
aquifer

38-93

Old
Breastworks
Formation

Old
Breastworks
confining layer

55-107

Eocene

Eocene?

Claiborne

Wilcox

Paleocene

Midway

152-271
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Lithology

Sand, gravel, silt, and clay. Underlies the Mississippi
alluvial plain and alluvial plains of tributary streams in
western Tennessee. Thickest beneath the alluvial plain,
where commonly between 30.5 and 45.7 meters thick;
generally less than 15.2 meters thick elsewhere.
Silt, silty clay, and minor sand. Principal unit at the
surface in upland areas of western Tennessee. Thickest
on the bluffs that border the Mississippi alluvial plain;
thinner eastward from the bluffs.
Sand, gravel, minor clay and ferruginous sandstone.
Generally underlies the loess in upland areas, but locally
absent. Thickness varies greatly because of erosional
surfaces at top and base.
Clay, silt, sand, and lignite. Because of similarities in
lithology, the Jackson Formation and upper part of the
Claiborne Group cannot be reliably subdivided based on
available information. Most of the preserved sequence
is the Cockfield and Cook Mountain Formations
undivided.

Sand, clay, and minor lignite. Thick body of sand with
lenses of clay at various stratigraphic horizons and minor
lignite. Thickest in the southwestern part of the
Memphis area; thinnest in the northeastern part.
Clay, silt, sand, and lignite. Consists primarily of silty
clays and sandy silts with lenses and interbeds of fine
sand and lignite.
Sand with minor clay and lignite. Sand is fine to
medium. Thickest in the southwestern part of the
Memphis area; thinnest in the northern and northeastern
parts.
Clay, Silt, Sand, and lignite. Consists primarily of silty
clays and clayey silts with lenses and interbeds of fine
sand and lignite.

METHODS
Data Collection
To establish the potential for inter-aquifer communication within the study area, preexisting geophysical log data were integrated into a series of scaled geospatial models using
different interpolation methodologies. Commonly referred to as borehole logs, e-logs, wireline
logs, or simply logs, geophysical logs have been the industry standard in subsurface exploration
and geologic characterization since their inception in the mid-1920s (Asquith, 1982).
Geophysical logs were utilized in this investigation to establish the aggregate thickness of the
upper-Claiborne confining unit as well as its lithology. The logs evaluated in this project were
primarily exploratory water and lignite borings advanced as part of municipal production well
development and private industrial exploration. Of the existing logs, the subset of logs whose
signals were run to appropriate depth to make a definitive pick on the contact between the base
of the upper-Claiborne confining unit and upper Memphis Sand were considered. The total
number of usable logs, which penetrated the entirety of the undivided confining unit, was
determined to be 722. These logs were acquired from The University of Memphis Center for
Applied Earth Science and Engineering Research (CAESER), which serves as the regional log
repository.
A primary objective of the data acquisition phase was to digitize and upload those logs,
many of which exist solely in hard copy format, to a data server. Through the addition of these
logs to the regional digital database at the CAESER, a more complete database with accurate
information will exist for future investigations. Within the existing database, each log is assigned
a CAESER ID based on a state and county code followed by a unique six-digit identifier for the
log within the specified county. This convention was followed in the creation of the project
database with the CAESER ID serving as the identifier for the logs in this study.
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A secondary source of information considered was the elevation of groundwater in the
unconfined, Shallow aquifer in the Memphis area, also known as water table elevation. In 2005,
a contour map of this water table elevation was created by gathering groundwater level
measurements from 156 wells, mean groundwater-level measurements taken from 2000-2005 in
42 wells, and 56 surface water level measurements (Narsimha, 2006)). The interpolative process
used in the creation of these contours is an established, accepted methodology for mapping water
table levels in unconfined aquifers (Fihlo et al., 2016). A 2015 study by The University of
Memphis CAESER consisted of groundwater elevations from 115 wells, surface water elevations
from 56 bridge crossings, and the integration of historical groundwater elevations from 130 wells
gathered between 2010 and 2015 (Ogletree, 2015). This rasterized surface accounted for land
surface topography and drew on geostatistical methods for interpolation. These two sources of
information contextualized the results of the geospatial interpolation hydrogeologically. The
presence of anomalous depressions in the water table, coupled with thinning or primarily sandy
confining unit, indicate a hydrologic connection between the Shallow and Memphis aquifers.
Data Preparation
In an effort to quantify the varying quality of evaluated logs and examine the spatial
spread of data quality, a log scoring scheme was established. Modeled after the criteria used in
Waldron et al. (2011), each of the 722 logs were evaluated on the basis of signal type, signal
strength, presence/absence of a supplemental driller’s or geologist’s log, and locational
consistency to arrive at a maximum possible overall quality score of eight. The resulting data
scoring system is detailed in Tables 2 and 3, with logs scoring between zero and three being
considered “poor,” logs scoring between four and six being classified as “fair” and logs ranked
between six and eight being considered of “good” quality. The mean log ranking score for those
430 logs that were ultimately analyzed was five, which, by this evaluation scheme, indicates the
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average log analyzed in this study could be said to be of fair quality. The histogram of these log
ranking scores (Figure 5) indicates a skewedness towards logs within the five to six range which
further suggests the majority of the data for this analysis is of fair quality.
Table 2: Geophysical log signals by type and
accompanying numeric score for data quality ranking.
Log Type
Value
Geophysical Gamma
, +1
Geophysical Resistivity
, +1
Geophysical Density
, +1
Geophysical Spontaneous
Potential
, +1
Geologist/Driller
, +1

Table 3: Data quality ranking factors and accompanying
Numeric score for data quality ranking.
Data Quality and Consistency
Value
Readability
Clear Text & Resolution
+1
Unclear Text & Poor Resolution
0
Signal Strength
Strong: Distinguishing Variation
+1
Weak: Minimal Variation
0
Consistency
Spatially proximate to other logs
+1
Exists as a “one off” log
0
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Figure 5: Histogram of log ranking distribution for 430 geophysical
logs analyzed
Having scored a two on the data quality ranking scale, Log TN 157_000261 from northcentral Shelby County (Figure 6) is indicative of a poor log with only a Gamma signal present,
which exhibits little to no response variation for confidently making picks. Additionally, boring
information such as the total depth to which the gamma signal was run is absent and the gridded
depth scale is difficult to distinguish. Log 157_000025 (Figure 7) is in the Mallory wellfield and
represents the other end of the data quality scoring scale as it scored a seven out of eight. Each of
the four geophysical signals displays distinguishing variance and the presence of a geologist’s
log served to constrain the internal composition of the upper Claiborne. Lastly, the clarity of the
image, completeness of well construction information, and proximity to other logs resulted in an
additional point assignments.
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Figure 6: Geophysical log TN157_000261 with a data quality
ranking score of 2.
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Figure 7: Geophysical log 157_000025 with a data quality
ranking score of 7.
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Each log’s overall quality score was used to quantify the quality of this study’s raw data.
However, despite a “poor” ranking, select logs were analyzed and included in the final dataset
owing to a lack of other proximate available data. Additionally, situations arose in which a log of
“fair quality” was located in such close proximity that it did not contribute novel information
about subsurface characteristics and was thus excluded from the final dataset. As noted by
Adidini (2007), the inclusion of more data does not necessarily benefit a study when
performance statistics are considered.
Data Analysis
Geophysical Log Interpretation and Analysis
Of the 722 evaluated logs that were run to an appropriate depth to be included in this
investigation, 430 were analyzed. In addition to scoring each of the logs using the criteria
detailed in Tables 2 and 3, numerical values were input for each log’s: datum altitude, total depth
logged, base of gravels/top of confining unit, base of confining unit/top of Memphis Sand,
confining unit thickness, top of Memphis Sand, feet of clay comprising confining unit, feet of
sand comprising confining unit, and feet of other materials comprising confining unit. These
were based on interpreted values for “Unit 1” (base of gravels/top of confining unit), “Unit 2”
(base of confining unit/top of Memphis Sand), and start of “Unit 3” (top of Memphis Sand) in
feet; however, these values were converted to meters (m) prior to data analysis. In addition,
qualitative descriptions of overall log quality, near surface materials, and confining unit lithology
were recorded as further rationalization for picks. Logs were said to be “evaluated” if they were
scored and datum altitude and total depth were input but no picks were made. Logs were said to
be “analyzed” if all the above information was input and picks were made. A total of 722 logs
were evaluated, 430 of which were analyzed. Figure 8 shows the spatial distribution within
Shelby County of all evaluated logs and their associated data ranking score. This initial
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inspection of the data structure revealed clustering, which was later quantitatively explored.
Figure 8 also illustrates the randomly distributed pattern of data quality as evidenced by the
McCord wellfield in central Shelby County in which poor and good data points are located 32
meters apart. Extensive cleaning and standardization of attribute field language was undertaken
to optimize querying performance and maximize future database utility. Specifically, the log
owner field and MLGW wellfield columns contained misspellings and inconsistent
capitalization, which were edited to optimize database query performance. The complete
database is in Appendix A as well as being stored on the server at CAESER as a Microsoft Excel
Spreadsheet, Microsoft Access Database, and ESRI shapefile format.
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Figure 8: Analyzed geophysical log locations and associated data ranking categories along with
county and wellfield boundaries. Major surface water channels also shown.
Within the subset of the analyzed logs, there was substantial variance in quality. The
typical suite of geophysical signals run included some combination of gamma, resistivity, and
spontaneous potential (Figure 9). As illustrated by log TN157_000292 on Figure 9, the gamma
signal (when properly run) provided distinguishing variance between clay and sand intervals
with the resistivity signal providing constraint for picking the base of confining unit. This is
largely due to the action of sedimentaryprocesses, which concentrate radioactive potassium ions
in clay through absorption and ion exchange (Asquith, 1982). Geologists’ logs proved most
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useful for establishing the varying lithology of the confining unit and converting this to a
numerical value in the form of a pick.

Gamma Ray Signal
Spontaneous
Potential Signal

Resistivity Signal

Figure 9: Geophysical log TN157_000292 with
geophysical signals denoted

The data-to-information phase of this project drew heavily on existing knowledge of
subsurface structure and utilized existing, available information to balance the need for sitespecific, yet locationally sound picks for each log. For example, the work of Larsen et al. (2013)
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confirmed the presence of a paleo channel in Sheahan wellfield, located in south-central Shelby
County. Given this, deep gravels are expected in the area so the top of the confining unit is
recorded at a greater than in Crittenden County where Ward et al.’s work confirmed the top of
the confining unit is generally observed closer to the surface due to Qauaterny displacement from
faulting (Ward et al., 2016).
As patterns emerged, type logs were used to inform the decision making process in areas
throughout the study area. While general guidelines such as those established by Gomberg et al.
(2003) and others were followed, making picks is an inherently interpretive process. An
emphasis on consistency coupled with the analysis of over 400 logs sought minimize this effect
and produce a consistent end product.
Geostatistical Analysis
Originating in the mineral extraction industry as a way to estimate ore grades over
mineable units, a distinguishing characteristic of geostatistical analysis is the estimation and
modeling of spatial dependency for model-based inference (Bivand et al., 2013). Geostatistical
analysis is based on analyzing random field Z(s), where Z is random and s is the non-random
spatial index (Bivand et al., 2013). There are sample locations with known values of Z as well as
unknown locations so. To predict Z at these unknown locations, or interpolate, an estimation of
spatial correlation must be made and modeled. Typically, this takes the form of covariance or
semivariance modeling followed by the interpolation of Z over unsampled or unknown locations
on a grid and model based inference (Bivand et al., 2013). From here, the model and its
assumptions can be evaluated using cross validation. The essence of the analytic approach in
geostatistics is that the observed spatial pattern of Z is the outcome of an underlying spatial
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process and prior to making predications of Z at so , that process and its resultant effects on data
must be explored and structured if the predictions are to be accurate.
The varying relationship between interpreted numeric values at log locations as a
function of distance, in this analysis termed spatial dependency, is formally defined as “the
property of random variables taking values, at pairs of locations a certain distance apart, that are
more similar (positive autocorrelation) or less similar (negative autocorrelation) than expected
for randomly associated pairs of observations“ (Legendre and Legendre, 1998). When spatial
dependency is present, observations are not independent of one another and some degree of
correlation exists (Bivand et al., 2013). This correlation is quantified as spatial autocorrelation,
which is a measure of the existing correlation of a variable with itself through space (Gunaratna
et al., 2014). Spatial dependency and spatial autocorrelation are both based on Waldo R. Tobler’s
first law of geography which states “everything is related to everything else, but near things are
more related than distant things” (Sui, 2004). The terms spatial dependency and spatial
autocorrelation are used interchangeably within this study as they fundamentally describe the
same spatial relationship between data points, or in this instance, well logs as a function of
varying distance.
An important assumption of this analysis is that of stationarity. While first order
stationarity assumes a constant mean among all sample points, the important types of stationarity
for this study are second-order stationarity and intrinsic stationarity. Second-order stationarity
assumes covariance between any two data points is constant, provided distance and direction
remain fixed and is said to be stationarity for covariance. Intrinsic stationarity is stationarity used
when calculating semivariograms, which assumes the variance of the difference is the same
between any two points that are the same distance and direction apart, regardless of which points
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are sampled. These assumptions are required to establish replication for estimations of
dependency rules, which then allow for predictions to be made for unsampled locations and
those predictions to be evaluated (Thompson et al, 2010). Of additional note is the assumption
within this study that interpretations made from geophysical signals are taken to represent a
subsurface lithologic reality that is essentially unchanging throughout time as considered on a
fine enough scale as to affect communication between modern surface and near-surface water
sources and the Memphis aquifer as it presently exists.
Scale Dependent Data Structures
Given that a primary aim of this study was to uncover the extent to which spatial
autocorrelation was present as a function of varying scale, establishing a statistical or empirical
basis for scale delineation and data inclusion was a fundamental analytic task. The highly
variable nature of the upper-Claiborne’s thickness and lithology at fixed log locations over
relatively short distances translates to distinct patterns being displayed based on the inclusion or
exclusion of particular analyzed logs. For a highly clustered data sampling regime, capturing the
variance present at larger scales in small scale models is a vital balancing act.
As Figure 8 illustrates, the overall spatial distribution of log data approximates that of
MLGW municipal wellfields, with areas of more sparse log control being located outside of and
between these wellfields. In addition, those logs which achieved a higher data quality score were
clustered around MLGW wellfields (Figure 1 and Figure 8). Initially, a geostatistical basis for
scale boundary delineation was pursued in the form of a modified k-means grouping as well as
group-by and cluster characterization in ArcMap. However, an empirical basis was ultimately
decided upon owing to the spatial data spread stemming from geologic investigations centered
around municipal wellfields. Although wellfield boundaries are based on property ownership and
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piping networks, borings are typically drilled and logged in proximity to one another within
these wellfields as part of the production well development process and, accordingly, these
geophysical logs are clustered by wellfields.
To quantify the extent to which either randomness or spatial autocorrelation exists
between log locations, as well as the scale at which it was present, clusters in which at least 15
logs were found within a 1 kilometer buffer distance from MLGW wellfield boundaries were
considered. Serving as the smallest analytic unit, the wellfield scale was the largest of the three
scales considered and accounted for an approximately 342 km2 spread over the five MLGW
wellfields: Davis, Lichterman, Morton, Shaw, and Sheahan with the aforementioned additional 1
km buffer surrounding the boundaries for log data inclusion. These five wellfields were subset
from the eight wellfields that met the minimum of 15 log locations because they exhibited a
degree of spatial dependency significant enough to be modeled. Eight of the 24 wellfields met
the minimum threshold quantity for log data locations and thus used in subsequent analysis. Of
these eight, Davis, Lichterman, Morton, Shaw, and Sheahan were subset from the larger dataset
and examined separately from the analytic unit that was inclusive of all the analyzed logs across
nine counties, hereafter referred to as the global scale.
The next largest scale, the intermediary scale, did not consider logs in Arkansas since
they are in the Mississippi River Alluvial Valley and are not appropriately geologically evaluated
using the classification schema based on known subsurface lithology, behavior, and unit
nomenclature for Shelby County. Additionally, the logs that exhibited spatial dependency at the
wellfield scale, as evidenced by their semivariograms, were removed as that scale was
determined to establish autocorrelation and a different spatial relationship was present among the
logs in those wellfields.
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The global scale was inclusive of all 430 analyzed logs and was investigated first, which
then lead to the discovery of scale dependent processed in both interpolation schemes employed
in this study.
This study’s three scales of analysis, from coarsest to finest, include: the entire 5,532 km2
study area (430 logs) (Table 4), the 1650 km2 portion of the study area located east of the
Mississippi River bluff line, from which the 122 logs exhibiting spatial autocorrelation at the
wellfield scale were removed (112 logs) (Table 4) and the five wellfields that displayed some
degree of spatial dependency, or the “wellfield scale.”
Table 4: Summary table of scales of analysis
Scale

Scale Name

Total Area (km2)

Total Logs

Small

Global

5,532

430

Intermediary

1,650

318

Wellfield

Range of 51 - 78

112

Large

The quantifiable metrics of minimum, mean, and maximum predicted values from the
analysis undertaken at each scale are included in the results section along with the predictive
estimation surfaces. In the case of ordinary kriging, modeled semivariograms are interpreted in
terms of spatial autocorrelation and residuals are examined. The hydrogeologic significance of
these surfaces is compared to previous work in the discussion section. A consideration of the
influencing variables of historic water table elevation and influence of fault zones is also
included in the discussion section.
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The dataset created from geophysical log analysis was integrated into the R programming
language for environmental and statistical analysis, commonly referred to as R. Within R, a
variety of packages were used to perform different functions. The gstat package version1.1-5
was utilized to calculate the summary statistics of mean, maximum value, and minimum value
for the interpreted variables of overall confining unit thickness, meters of sand present within the
confining unit, meters of clay present within the confining unit, and percent composition values.
The structural analysis as well as interpolation were also completed using gstat package. The
cartographic elements were added to these outputs using the ggplot2 2.2.1, raster 2.5-8, tmap
1.10 , and prettymapr 0.2.1 packages. Upon satisfactory completion of estimation surface
generation, surfaces were read into Esri’s ArcMap 10.3.3 and other variables of interest and
influencing factors were included to generate the final mapping products. Once this was
achieved, the behavior of the interpreted clay-rich facies within the confining unit and interpreted
sand facies were explored independently using IDW and ordinary kriging. When analyzed
together, the resultant maps, which detail three key variables influencing functional hydrologic
confinement, provide extensive insight into subsurface hydrostratigraphy at the global scale.
Experimental Variogram
The first task associated with the geostatistical analysis was explanatory data analysis for the
variables of interest. Table 5 in the results section provides summary statistics for the interpreted
variables of overall confining unit thickness, thickness of sand-rich intervals within the confining
unit, and thickness of clay-rich intervals within the upper-Claiborne confining unit. The principle
tool used to evaluate spatial relationships among points by quantifying spatial autocorrelation
was the empirically modeled semivariogram.
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A semivariogram plots semivariance as a function of separation distance (Bivand et al.,
2013). The term was originally defined by Matheron as half the average distance squared
between points separated by a distance h (Matheron, 1963). The strength of the semivariogram in
this study is its ability to quantify the degree of spatial dependency present for examination and
comparative analysis among a variety of scales. Semivariograms are able to structure spatial
autocorrelation, which is of vital importance in this study.
Since calculating the empirical semivariogram, fitting a model, and examining model
performance at a variety of scales was the primary tool for structural analysis, a detailed
overview of the semivarigram is included herein. In a standard statistical analysis that is
essentially aspatial, correlation is estimated via a scatter plot when multiple pairs {x,y} are
available. If the variable z(s) is considered and two observations exist at locations s1 and s2, the
spatial correlation between these data points cannot be estimated due to the fact that only one
pair exists. To estimate spatial correlation, stationary assumptions must be made. Typically,
intrinsic stationarity is assumed, meaning the process that generated the samples is a random
function Z(s) with a mean and residual:
𝑍𝑍(𝑠𝑠) = 𝑚𝑚 + 𝑒𝑒(𝑠𝑠),

(Equation 1)

𝐸𝐸(𝑍𝑍(𝑠𝑠)) = 𝑚𝑚

(Equation 2)

With a constant mean:
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And a variogram described as:
ϒ(ℎ) =

1
2
𝐸𝐸�𝑍𝑍(𝑠𝑠)– 𝑍𝑍(𝑠𝑠 + ℎ)�
2

(Equation 3)

The underlying principle is that Z exhibits constant variance and spatial correlation does
not depend on s locations, but rather separation distance h exclusively. From this, multiple point
pairs {z(si), z(sj)} can be created that have almost the same separation vectors h = si - sj.
Correlation is then estimated from these separation vectors.
If isotropy, directional independence, is assumed then the vector h can be described using
its length ||h||. Using this ||h|| value, the variogram is able to be estimated from Nh sample data
point pairs z(si), z(si + h) for some number of distances or distance intervals hj using:
��h̃𝑗𝑗 � =
ϒ

1
2

𝑁𝑁

ℎ
𝑁𝑁ℎ ∑𝑖𝑖=1
(𝑥𝑥𝑗𝑗 (𝑠𝑠𝑖𝑖 ) − 𝑍𝑍(𝑠𝑠𝑖𝑖 + ℎ))2 , ∀ℎ€h̃𝑗𝑗

(Equation 4)

(Bivand et al., 2013).
When estimating a semivariogram from Nh, plotting all possible iterations of hj in a
timely manner becomes computationally expensive. Thus, pairs are aggregated into lag bins
based on separation distance or “binned” and the points plotted on the semivariogram are not
actual values, but averaged semivariogram values (Isaaks and Srivastava, 1989). A more
simplistic formula for modeling a semivariogram based on Matheron’s original conception is:
h = 0.5 * average [(value at location i – value at location j)2]
(Equation 5)
where h represents some distance (Matheron, 1963). Essentially, the empirical semivariogram
acts to graph the averaged semivariogram values on the y-axis against the distance (or lag) on the
x-axis (Isaaks and Srivastava, 1989).
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In this case, for the primary variable of interest, anisotropy, or directional dependence,
was explored. A directional dependence would exert influence in areas of sparse data control,
where accurate modeling is essential to constraining window locations. Anisotropy was not
discovered and all semivariograms were modeled based on isotropic conditions.
Spherical, Gaussian, and Exponential functions were tested to fit a model and their
performance was evaluated on the basis of mean square error (MSE). When interpreting an
empirical semivariogram, the range, sill, and nugget are cornerstone to accurately understanding
the pattern displayed. The distance at which this plateau is reached and the model begins to level
out is referred to as the range (Isaaks and Srivastava, 1989). The range, an x-axis value, is of
particular importance in that binned locations separated by distances closer than the range are
spatially autocorrelated and locations farther apart than the range are not, (Isaaks and Srivastava,
1989). The corresponding semivariance, or y-axis value, where the range is attained is called the
sill. Lastly, the nugget is the y-axis intercept for the semivariogram model. For a zero separation
distance in which the lag equals zero, the semivariogram would also be equal to zero. As a
minute separation distance is considered; however, the semivariogam value will be greater than
0, which is referred to as a nugget effect (Isaaks and Srivastava, 1989). The primary function of
modeling emperical semivariograms across a variety of scales was to use an established
geostatistical tool to quantify the degree of spatial dependency present at each scale and explore
the spatial autocorrelation across the study area prior to modeling.
Estimation Surface Generation
The database design detailed in Section 2.2.1 maximized the amount of information
extracted from each geophysical log. This, in turn, allowed for differing levels of analysis with
the most crude being global isopach maps of the aggregate undivided upper-Claiborne confining
unit. From here, the upper-Claiborne’s varying lithology was used to create internal composition
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maps at the global scale to further constrain areas with higher potential for communication to
occur. The two approaches considered for interpolation were inverse distance weighting (IDW)
and ordinary kriging. The former is classified as a deterministic model in which predicting
values at unknown locations is based on the underlying assumption that variance is a function of
distance, with each measured point’s influence lessening with increasing distance (Bivand et al.,
2013). As a geostatistical method, ordinary kriging involves statistically modeling the
relationship among known values for a variable of interest then using that model to predict
values for the same variable of interest at unsampled locations. Given that the estimations
generated are based on a model, ordinary kriging allows one to assess the performance of those
predictions using cross validation whereas IDW does not (Bivand et al., 2013).
Inverse Distance Weighting
The IDW function from the R gstat package version 1.1-5 was used to generate four
surfaces: a global scale estimation surface of aggregate confining unit thickness, clay thickness,
and sand thickness for the 430 analyzed log locations at a grid cell size of 100 m2 for the entire
5532 km2 study area as well as an intermediary scale aggregate confining unit thickness map
consisting of 317 logs across the counties of Shelby, Tipton, Haywood, Fayette, Marshall, and
DeSoto for a total area of 1,650 km2 (Table 4). Despite the differences in output as a function of
scale, all IDW surfaces were generated from an equation using a linearly weighted combination
of a set of points.
Given that the upper-Claiborne confining unit’s thickness displays heteroscedasticity
within the study area (Graham and Parks, 1986; Parks and Carmichael, 1990; Parks, 1990;
Kingsbury and Parks, 1993; Gentry et al., 2006, Koban et al., 2011; Waldron et al, 2011; Larsen,
2013), point location values can be said to be locationally dependent and the weight assigned to
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each sample point or log is a function of the inverse of distance between the points. Generally,
the basis of this deterministic scheme is that the variable of interest, interpreted thickness or
lithologic composition of the upper-Claiborne confining unit in this case, decreases in influence
with distance from its sampled location (i.e. the location of a boring log). For any given log
location, those unknown locations within closer proximity will be projected to exhibit similar
thickness values than those unknown locations that are not proximate to the log location or
sample point.
As previously mentioned, the estimation process for IDW has its basis in the linear
equation (Smith et al, 2007):
𝑛𝑛

Ζ𝑗𝑗 = � 𝜆𝜆𝑖𝑖 Ζ𝑗𝑗
𝑖𝑖=1

(Equation 6)

where Zj is the unknown z-value being estimated at location j and the λi are a set of estimated
weights with zi being the known values at locations (xi,yi). From here an additional qualifier can
be added to ensure the sum of the weights is:
𝑛𝑛

� 𝜆𝜆𝑖𝑖 = 1
𝑖𝑖=1

(Equation 7)

On the basis of the above equations, IDW divides each known point location value by the
distance from the unknown estimation point raised to a power α:
Ζ𝑗𝑗 = 𝑘𝑘𝑗𝑗 ∑𝑛𝑛𝑖𝑖=0( 1/𝑑𝑑𝑖𝑖𝑖𝑖 𝛼𝛼 )𝑧𝑧𝑖𝑖
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(Equation 8)

with the value kj ensuring that the sum of the weights is equal to 1. In this case, the influence of a
point location zi on an unknown location j is isotropic, meaning it is not “ridge preserving”
(Phillip and Watson, 1985). Additionally, it follows that the output weighted average estimation
produced cannot exceed the greatest point value, nor can it fall below the least known value. For
this reason, IDW does not create ridges or values where they do not exist (Phillips and Watson,
1985). IDW generally preserves high and low point location values while smoothing the
estimated surface between and is often unable to accurately depict heteroscedasticty in spatial
autocorrelation across an area of study.
Ordinary Kriging
As the primary analytic tool in this analysis, ordinary kriging is a geostatistical
interpolative scheme which assumes data point values are sampled from an existing, true
population (Smith et al, 2007). Using the sample population of the 430 analyzed logs, this
methodology was employed to analyze how log behavior in terms of interpreted aggregate
confining unit thickness varied as a function of distance and direction. The key difference
between IDW and ordinary kriging is that the model derived from the initial structural analysis,
the empirical semivraiogram, is then used to create a predictive estimation surface. As a result,
ordinary kriging allows for evaluating the accuracy of the estimations it generates (Isaaks and
Srivastava, 1989). The semivariogram calculation and model fitting process detailed above are
the first steps in the ordinary kriging process followed by estimation surface generation and
evaluation of the model’s accuracy of via the cross validation. Broadly, this equates to 1)
uncovering the pattern of spatial dependency present and fitting a model 2) generating estimation
values/predictions based on that model and 3) inspecting the standard error associated with the
estimation values generated.
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Typically, kriging performs best in situations where there is some understanding of
distance or directional tendency of the phenomenon being studied as in this instance in which the
upper-Claiborne is known to thin from northwest to southeast, eventually terminating all together
in the eastern portion of Shelby and western portion of Fayette counties (Parks and Carmichael,
1989). While block kriging and co-kriging were considered, ordinary kriging was chosen due to
its ability to perform best when an understanding of the variable of interest’s behavior exists. The
generally established thinning of the confining unit from northwest to southeast within the study
area is accounted for using the system of equations detailed in Equation 9 and Equation 10. The
rate of this directional thinning and change of composition within the upper Claiborne have not
been well constrained and a more general model best allows the data to speak for themselves.
Another factor taken into consideration when deciding upon ordinary kriging was the unknown
degree of spatial autocorrelation among highly clustered logs and sparse data control between
these clusters. A disadvantage of ordinary kriging is its tendency to minimize variance, which
was accounted for by employing a multi-scaled approach. By modeling the upper-Claiborne’s
rate and extent of thinning at three scales, the log data’s variance was captured. Ordinary kriging
does not assume the mean is constant within any given set of points at any given scale, but rather
assumes the mean to be constant in the neighborhood of each estimation point. Having used
modeled semivariograms as the primary tool for capturing spatial autocorrelation, ordinary
kriging is a natural next step as modeled semivariograms and ordinary kriging both act to filter
trends in the mean.
Capturing the variance among logs, as represented by the interpreted numerical thickness
values, at the wellfield scale was of particular importance in the presence of explanatory
variables. Specifically, to visually inspect the potential vertical offset of the Memphis Sand, and
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thus the basal portion of the upper-Claiborne by Eocene faulting suggested by Kingsbury and
Parks, (1993), estimation surfaces that depict trends within wellfields. The depths at which the
confining unit is first encountered, overall thickness, and depth of the contact with the Memphis
Sand must be known within each wellfield to assess the role of faulting in providing pathways
for contamination present in younger waters to travel to the Memphis aquifer. As with faulting,
historical water table elevation changes must be considered at the wellfield scale to address the
potential for communication to be occurring within each wellfield’s boundaries. To establish the
extent to which these variables may be influencing inter-aquifer communication, the wellfield’s
variance in thickness must be accurately modeled and displayed.
The nine multi-scale, ordinary kriged estimation surface maps are included and analyzed
in proceeding sections along with cross validation results. Interpolated values at an unknown
location can be found by first solving Equation 7 to determine the weights used in interpolation
based on the following (Goodchild, 1999):
𝑛𝑛

� (𝑥𝑥�𝜊𝜊 ) = � 𝜆𝜆𝑖𝑖 Ζ(𝑥𝑥�𝑖𝑖 )
Ζ
𝑖𝑖=1

(Equation 9)

where 𝜆𝜆𝜄𝜄 are the weights and the estimated value Ẑ(x̂0) is unbiased. The estimation variance is

optimized by solving the below system of equations which arrives at the least variance of any
other linear combination of the known values such that:
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(Equation 10)

As with equation 7 from IDW, the sum of the weights must equal 1. There are n + 1
equations as well as n +1 unknowns (λi,µ). The entire system of equations needs to be solved for
each unknown location or grid cell. A key strength of ordinary kriging is the selection of
interpolation weights such that they optimize the interpolation function which in turn provides an
unbiased estimate value at an unknown location if the conditions of stationarity of difference and
heteroscadastidy are met. The process detailed through Equations 9 and 10 complete the ordinary
kriging point estimation process.
While a key feature of kriging is the ability to consider trend within data, the variation
within the study area and spatial structure of the data did not indicate the presence of a first order
global trend and detrending was not performed. When modeling an area as large as the area
included in the global scale, detrending adds more uncertainty and, in this case, would have
equated to trying to elicit a trend from the data and not using the entirety of the dataset, which is
already constrained by areas of sparse data control. By not considering trend within the model,
the data were able to speak for themselves.
Cross Validation
After modeling the nine empirical semivariograms across the three scales of analysis and
using ordinary kriging to generate estimation surfaces, the last methodological task was to assess
the performance of the models. To quantitatively evaluate each model’s predictive power, cross
37

validation was used. For the purposes of this study, cross validation provided a way to quantify
differences in the estimates calculated by ordinary kriging at the three levels of analysis. This
technique involves comparing the estimated values generated via modeling with the known true
values (Isaaks and Srivanstava, 1989). Given that the aim of this project was to create a series of
maps that most accurately reflected a physical reality, interpreted values based on picks from
geophysical signals were assumed to be true and were treated as observed or known values for
cross validation purposes. Cross validation was undertaken using the standard formula for MSE:
𝐸𝐸([𝐻𝐻 − 𝜃𝜃]2 ) = (𝑆𝑆𝑆𝑆)2 + (𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏)2

(Equation 11)

Where E is the mean estimation value, 𝜃𝜃 is the parameter being estimated (aggregate confining
unit thickness in this case) SE is standard error, and the bias term accounts for the estimation
model’s bias.
Having cross validated the kriged map surfaces as detailed above, histograms of residuals
for each of the nine models were created and analyzed. If an underlying explanatory trend was
present in a particular wellfield, the residuals’ distribution would be influenced. A skewed
residuals distribution indicates a disconnect between the expected and actual estimation values.
Lastly, residual plotting was performed as a geospatial inspection of model performance. The
primary role of these plots was to serve as a geovisualization tool to evaluate estimation error
patterns. As noted by Isaaks, “cross validated residuals have important spatial information, and a
careful study of the spatial distribution of cross validated results, with a specific focus on the
final goals of the estimation exercise can provide insights into where an estimation procedure
may run into trouble” (Isaaks and Srivanstava, 1989). The use of a singular geostatistical
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interpolative method allowed for exhaustive model fitting, a multi-scale evaluation, and
performance assessment as well as a rudimentary exploration of explanatory variables.

39

RESULTS
Due to the varying sampling intensity of the dataset over the study area, three scales of
analysis were considered: the global, intermediary, and wellfield (Table 4). The results presented
herein correspond to this schema with additional secondary variables briefly explored in Chapter
2. Table 5 summarizes the interpreted variables gathered during the data collection phase of the
project for the entirety of the dataset, 430 analyzed logs. The maps included in this section are
based on interpolated surfaces for the aggregate thickness of the undivided upper-Claiborne at all
scales of analysis, as well as independent internal composition at the global scale. This analysis
was undertaken using the “inverted pyramid” methodology shown on Table 4 in which the global
scale was explored first to make use of the entirety of the interpreted data then the finer units
were subset and analyzed.
Table 5: Summary table of Global Scale interpreted variables

Minimum
Mean
Maximum

Aggregate
Thickness
(m)

Sand
Content
(m)

Clay
Content
(m)

0
37.54
144.78

0
5.97
82.91

0
19.43
108.51

% Sand
% Clay
Composition Composition
0
21.05
28

0
40
72

Global Scale
The global scale was inclusive of the 430 geophysical logs analyzed making it the
smallest scale covering the entirety of the 5,532 km2 study area encompassing Shelby County
and the adjacent counties of Crittenden, Poinsett, Mississippi, Tipton, Haywood, Fayette,
Marshall, and DeSoto (Figure 10). Interpolated surfaces were created at the global scale using
IDW (Figure 11) and ordinary kriging (Figure 15) for aggregate thickness of the undivided
upper-Claiborne confining unit first.
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Figure 10: Map depicting the global scale of analysis with 430 analyzed log locations, county
boundaries, MLGW wellfield boundaries, significant surface water bodies, window and recharge
locations from Parks (1990), and a base map for reference.
Global Scale Aggregate Confining Unit Thickness by Inverse Distance Weighting
Using the set of equations detailed in Section 2.2.3.1, a predictive surface for the
aggregate thickness of the upper-Claiborne was interpolated at grid cell size of 100 square meters
(m2) with a mean estimation value of 35.77 meters and a range of zero to 144.78 meters (Figure
11). The resultant output surface has several “bullseyes” present for both anomalously high as
well as anomalously low values, which is typical of IDW as it only considers the inverse of the
distance between two points when generating a mean estimation value. Figure 11 shows the
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aggregate thickness estimation surface IDW surface at global scale with relevant information
included.

Figure 11: Global scale aggregate confining unit thickness by IDW including the 430 analyzed
log locations, county boundaries, MLGW wellfield boundaries, significant surface water bodies,
window and recharge locations from Parks (1990), and a base map for reference.
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Global Scale Aggregate Confining Unit Thickness by Ordinary Kriging
The global scale of analysis contained over 50 zero values which, although most probably
accurately interpreted, were converted to 1 meter values in anticipation of a log transformation.
Given the sample size present at this scale, a histogram was first plotted to discover the
distribution (Figure 12), which revealed a left-skewed trend. A natural log transformation was
performed to normalize the distribution and linearize the data for model fitting (Figure 13).

Figure 12: Histogram showing the distribution of the 430 interpreted
values for aggregate confining unit thickness.
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Figure 13: Histogram showing the log transformed distribution of the
430 interpreted values for aggregate confining unit thickness.
Using the log transformed data, semivariogram values were calculated and a model was
fit using a Gaussian function and 15 distance bins, which is shown in Figure 14. A range of
16,972 meters was achieved and seven of the 15 distance bins displayed spatial autocorrelation
based on the lag bin distribution and this range value. This range value equates to approximately
17 km over a 5,532 km2 area. The semivariance is plotted on a scale that reflects the log
transformation, which resulted in a sill of 0.99 and a nugget value of 0.34. However, these values
are not inherently meaningful but more for the pattern they represent.
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Figure 14: Semivariogram for the log transformed 430 interpreted aggregate
thickness values modeled at the global scale.
Ordinary kriging was undertaken based on this model at a 100 m2 grid size to optimize
performance without being overly computationally expensive and maintain a consistent grid size
between interpolative methods for the global scale. This yielded a mean estimation value of 2.83
meters on a log scale, with the estimation surface values ranging from 0 to 4. Figure 15 shows
the output estimation surface generated based on the semivariogram in Figure 14 as a complete
map.
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Figure 15: Global scale aggregate confining unit thickness by ordinary kriging with 430 analyzed
log locations, county boundaries, MLGW wellfield boundaries, significant surface water bodies,
window and recharge locations from Parks (1990), and a base map for reference.
The cross validation process returned an MSE value of 0.6494 using 10 folds. The natural
log transformation prior to modeling normalized the distribution of interpreted thickness values
and the residuals for this variable at the global scale also appear normally distributed. Figure 16
shows the normal distribution of residuals indicating the error terms are normally distributed as
well. An inspection of the residuals plot for aggregate confining unit thickness at the global scale
indicates a lesser degree of estimation error in the southwestern portion of the study area in
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Shelby County as well as in Fayette County approximating the known recharge area for the
Memphis aquifer (Figure 17).

Figure 16: Histogram of aggregate confining unit thickness residuals
at the global scale

Figure 17: Plot of residuals for aggregate confining unit thickness at the
global scale
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Global Scale Clay Composition by Inverse Distance Weighting
After generating the IDW surface for aggregate thickness of the undivided upperClaiborne confining unit, the spatial variance of the unit’s lithology was explored for the portion
of the confining unit comprised of interbedded clays then sands, respectively. In an attempt to
treat this variable independently, the actual values corresponding to the picks made for clay at
each boring were analyzed. Thus the estimation surfaces generated and accompanying maps of
clay thickness should be considered alongside the aggregate thickness maps as the presence of
higher interpreted clay values alone does not necessarily correlate to functional hydrologic
confinement. As with aggregate confining unit thickness, the picks made for the clay-sized grain
intervals within the confining unit were analyzed using established methodologies (Gomberg et
al, 2003) and site-specific characteristics of clays within the upper-Claiborne, when known, were
considered for each log analyzed.
For uniform comparison, 100 m2 grid cells were considered using the same 430 analyzed
logs and set of equations detailed in Chapter 2 to create a deterministic IDW estimation surface.
The same “bullseye” effect is observed as with the aggregate confining unit thickness estimation
surface made using IDW interpolation at this scale (Figure 17). These dips and spikes in the
surface are interpreted for geologic significance and analyzed in the discussion section, but can
generally be considered a strength of IDW. When assessing functional hydrologic confinement
provided by varying clay composition at larger scales, surface smoothing occurs when using
geostatistical model based interpolation. IDW is able to capture the site-specific conditions
around an analyzed log as it only considers the distance function when generating an estimation
value.
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Figure 18: Global scale clay thickness by IDW with 430 analyzed log locations, county
boundaries, MLGW wellfield boundaries, significant surface water bodies, window and recharge
locations from Parks (1990), and a base map for reference.
Global Scale Clay Composition by Ordinary Kriging
Based the 430 analyzed logs, the geostatistical method of ordinary kriging and its
associated processes detailed above was employed for the clay content of the upper-Claiborne at
the global scale. An error assessment was undertaken by an analysis of the residuals through
examining the residuals histogram and spatial distribution of residuals.
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As with aggregate confining unit thickness, the clay content’s histogram revealed a
strongly left-skewed distribution (Figure 19).

Figure 19: Histogram of aggregate confining unit thickness residuals
at the global scale.
Using the left skewed data, a semivariogram was modeled using a Gaussian function and
15 distance bins, which achieved a range of 14,940 meters (Figure 20). As compared with the
histogram for overall upper-Claiborne thickness’ range value of 16,972 meters, the clay
composition for the analyzed logs does not exhibit as high a degree of spatial autocorrelation at
the global scale. At the global scale of just over 5,532 km2, the clay content of the confining unit
is spatially autocorrelated to a distance of approximately 15 km. Of the 15 distance bins, six
displayed spatial dependency (Figure 20). The sill was 245 and the nugget value was 170.
As the IDW map for this figure confirms, the clay-rich portion of the confining unit
displays a more rapid northwest to southeast thinning and is more locally concentrated within the
study area than the overall confining unit thickness, meaning a lesser range value is to be
expected. Lithologically this makes sense as the variable of aggregate confining unit thickness is
the coarsest level of analysis that is inclusive of all grain sizes, while the clay content is a subset
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of the overall confining unit, meaning the values associated with aggregate thickness are higher
while also displaying a greater range.

Figure 20: Modeled semivariogram for upper-Claiborne’s clay content
at the global scale
Ordinary kriging was undertaken based on the modeled semivariogram at a 100 m2 grid
cell size. The mean estimation value for meters of clay present within the undivided upperClaiborne at this scale was 12.84 meters and the estimation surface ranged from 0 to 34.77
meters. Figure 21 shows the output estimation surface generated based on the semivariogram in
Figure 20 as a complete map. As expected, the modeled surface for the clay interval within the
confining unit is much smoother than the IDW surface for the same variable and a general trend
is more readily observed.
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Figure 21: Global scale clay thickness by ordinary kriging with 430 analyzed log locations,
county boundaries, MLGW wellfield boundaries, significant surface water bodies, window and
recharge locations from Parks (1990), and a base map for reference.

The MSE for the numeric values associated with the clay content was 183.58 and the
residuals histogram shows a normal distribution indicating error terms are normally distributed
as well (Figure 22). While the residuals are generally normally distributed, the presence of
negative residual values can be attributed to the inclusion of the 87 zero values. The estimation
prediction surface did not result in any negative estimations This fits empirically as there cannot
be a negative amount of clay present within a hydrogeologic unit as conceptualized within this
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study. The residuals plot (Figure 23) displays the lowest values in the eastern quarter of the study
area where clay in the thinning or absent confining unit is marginal, meaning that the picks made
were close to zero and the prediction values were close to zero as well.

Figure 22: Histogram of clay thickness residuals at the global scale

Figure 23: Residuals plot for clay at the global scale
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Global Scale Sand Composition by Inverse Distance Weighting
The thickness of sand at a particular log location was quantified as the portion of the
confining unit comprised of sand-size grains present in quantities significant enough to register a
geophysical signal response. The associated numeric values served as the data for this variable
of interest. However, distinct sands are not as readily distinguishable as clays and are often
present in the upper-Claiborne as constituents of intervals that are largely silty sands or sandy
silts (Parks, 1990). Opposite the stand-alone clay thickness maps, the highest interpreted values
represent those localized areas within the study area that are generally the most hydrologically
conductive, leaving the Memphis aquifer most exposed to communication from surface and nearsurface water sources.
As with the previous two variables of interest, 100 m2 grid cells were considered using
the same 430 points and set of equations detailed in Chapter 2 to create the deterministic
estimation surface shown on Figure 24. The mean estimation value for this IDW generated
surface was 5.09 meters. The surface created exhibits the entire range of values for this variable,
0 to approximately 83 meters, along with the dips and spikes characteristic of IDW interpolation.
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Figure 24: Global scale sand thickness by IDW with 430 analyzed log locations, county
boundaries, MLGW wellfield boundaries, significant surface water bodies, window and recharge
locations from Parks (1990), and a base map for reference.
Global Scale Sand Composition by Ordinary Kriging
Using the interpreted thickness of sands within the upper confining unit, ordinary kriging
was performed for the entirety of the 430 logs analyzed. The influencing factor within this
variable was the presence of 239 zero values with only 191 values greater than zero. The range
of values for the picks made on this variable was 0 to 83 meters with a mean of 5.43 meters. As
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expected with this distribution, the histogram for the sand content at the global scale is strongly
left skewed (Figure 25).

Figure 25: Histogram of global scale sand thickness values

Based on the data distribution, the semivariogram shown in Figure 26 was modeled using
a Spherical function, which produced the best fit on the basis of MSE, and 15 distance bins
which achieved a range of 3,500 meters. The range for the clay content within the upperClaiborne was 14,940 meters, meaning there is relatively little spatial autocorrelation for the
sand within the confining unit as compared to the clay. Of the 15 distance bins, two displayed
spatial dependency (Figure 26). The sill was 78 and the nugget was 25.
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Figure 26: Modeled semivariogram for sand content at the global scale

As with all maps at the global scale, ordinary kriging for the sand variable was
undertaken based on the modeled semivariogram at a 100 m2 grid size. The resultant mean
estimation value was 4.32 meters and the estimation surface ranged from -1.64 to 57.57 meters.
These negative estimation values can be attributed to the majority of the dataset consisting of
zero values. For the map shown on Figure 27, the output estimation surface was changed to
depict a minimum value of zero.
Opposite the preceding two variables, the sand content’s IDW surface has appears tp
display greater predictive power between points and cluster of points than the geostatistical
modeled surface. This corresponds to the portion of the modeled semivariogram which flattens
out, beyond which no significant spatial autocorrelation exists. A comparison of this effect is
observed by inspecting the two maps in Figures 24 and 27 in which the IDW generated surface
(Figure 24) exhibits fewer bullseyes and does not generate as many estimations approximating
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the mean interpreted thickness value as compared with the surface generated through ordinary
kriging (Figure 24).

Figure 27: Global scale sand thickness by ordinary kriging with 430 analyzed log locations,
county boundaries, MLGW wellfield boundaries, significant surface water bodies, window and
recharge locations from Parks (1990), and a base map for reference.
The MSE for the numeric values associated with the sand content was 77.70, which is the
lowest of the three variables analyzed at this scale, likely owing to the overwhelming majority of
the dataset being comprised of zero values with a maximum of approximately 83 meters, for a
smaller range and thus less potential for estimation error. Additionally, the residuals are normally
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distributed around zero, meaning error terms are normally distributed as well (Figure 28). The
residuals plot (Figure 29) generally displays the low values throughout the study area, following
the low actual values, with high residuals found sporadically in the north-central portion of the
county and in the southwestern portion of Shelby County along the Mississippi River bluff line.

Figure 28: Histogram of sand thickness residual values at the
Global Scale
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Figure 29: Residuals plot for sand thickness residual values at the
Global Scale
Descriptive statistics for actual interpreted values of the aggregate upper-Claiborne
thickness, clay content, and sand content for the global scale of analysis are shown in Table 5
and Table 6 summarizes the results of the interpolative mapping process for these variables at the
global scale. The average estimation values generated by both interpolative methods were
greatest for the aggregate confining unit thickness, followed by the clay and sand content
respectively. This indicates that, across the study area, the upper-Claiborne’s lithology can
broadly be said to be more clay-rich than sand-rich. The range values generated for ordinary
kriging followed the same trend as the average estimation values meaning that the aggregate
thickness displayed the greatest degree of spatial autocorrelation followed by the clay content
and the least amount of spatial autocorrelation was present for the sand content. The trends in
average estimation value and range follow the actual interpreted values for these variables shown
in Table 5. However, the mean estimation value generated for aggregate confining unit thickness
by ordinary kriging was just over half that generated by IDW.
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Table 6: Summary table of Global Scale mapping results

Aggregate
Thickness (m)
Clay Content (m)
Sand Content (m)

IDW
Mean Estimation
Value (m)

Ordinary Kriging
Mean Estimation
Value(m)

Range

Sill

Nugget

MSE

35.77
15.49
5.09

16.94
12.84
4.31

16,972
14,940
3,500

2.69
245
78

1.40
170
25

1.90
183.58
77.70

The Intermediary Scale
The 318 logs across six counties comprising this scale are shown as Figure 30.

Figure 30: Map of Intermediary Scale of analysis showing logs included in the analytic unit as
well as wellfield boundaries (with modeled wellfields shown in white and labeled), county
boundaries, major surface water bodies, and a base map.
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Intermediary Scale Aggregate Confining Unit Thickness by Inverse Distance Weighting
Using Equation 8, shown in the Section 2.2.3.1, an IDW surface was created for the 318
logs analyzed at a 100 m2 grid cell size (Figure 31). The IDW interpolation process yielded an
estimation surface ranging from 0 to 144. 6 meters with a mean value of 35.32 meters. As stated
section 2.2.3.1, the ability to preserve the data’s characteristics and control for spikes and dips is
a key advantage of IDW. The actual interpreted values associated with the 313 logs analyzed at
this scale of analysis also ranged from 0 to 145 meters with a mean of 35. However, as a
deterministic method of interpolation, IDW does not allow for assessment of prediction errors.
Figure 31 displays the expected northwest to southeast thinning, but suggests thinning begins
further eastward and occurs more rapidly than was observed at the global scale (Figure 11 and
Figure 15). It should be noted that while the estimation surface was not generated using logs
located outside of the specified mapping extent for this scale, the surface’s western-most edge
extends into Crittenden County, Arkansas. This is a result of gridded surface’s extent on which
the estimations were plotted being based on Euclidian distance between the most disparate data
points.
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Figure 31: Aggregate confining unit thickness by IDW at the intermediary scale of analysis with
317 analyzed log locations, county boundaries, MLGW wellfield boundaries (with modeled
wellfields shown in white and labeled), significant surface water bodies, window and recharge
locations from Parks (1990), and a base map for reference.
Intermediary Scale Ordinary Kriging Aggregate Confining Unit Thickness
Prior to calculating the semivariogram for this scale, the presence of 53 log locations with
an interpreted upper-Claiborne thickness value of 0 meters was accounted for by replacing these
locations with a value of 1 meter in anticipation of a log transformation. As with the aggregate
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confining unit thickness at the global scale, the interpreted values for this variable at the
intermediary scale display a large enough range that altering these zero values by one integer did
not significantly skew the estimation surface prediction values. After accounting for the zero
values, an inspection of the histogram for the 317 logs analyzed at this scale (Figure 32) revealed
a left skewed distribution and a natural log transformation was undertaken to normalize the
distribution for calculation of the semivariogram and model fitting (Figure 33). The log
transformation served to normalized the distribution, although it does not display a classic
Guassian distribution (Figure 33).

Figure 32: Histogram of interpreted upper-Claiborne aggregate
Thickness values at the intermediary scale
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Figure 33: Histogram of log transformed interpreted aggregate upperClaiborne thickness values
Based on the log transformed data distribution shown on Figure 33, the semivariogram
shown on Figure 34 was modeled using a Gaussian function and 15 distance bins, which
achieved a range of 22,261 meters. This equates to just over 22 km for this 1,650 km2 scale. The
sill was 1.38 and the nugget was 0.4, with both values reflecting a log-based scale. Of the 15
distance bins, 10 displayed spatial dependency (Figure 34). The resultant semivariogram’s
nugget effect was minimized, although not all together removed.
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Figure 34: Modeled semivariogram for intermediary scale
As with the aggregate confining unit thickness for the global scale, the output surface was
kriged at a grid cell size of 100 m2. The predictive surface had mean estimation value of 2.7 on a
log-based scale and the pattern generally followed the established northwest to southeast upperClaiborne thinning (Parks and Carmichael, 1986). The observed pattern is revealing of the
degree to which spatial dependency exists at this scale. Despite attempting to avoid negative
estimation values by making all zero interpreted values positive, the modeled estimation surface
returned eight negative values. The surface’s symbology was changed to reflect a minimum of
zero prior to mapping. The estimation surface is shown in Figure 34. As with the IDW map for
the Intermediary Scale, the map based on ordinary kriging extends beyond the idealized
boundary detailed in Section 3.1.2.2 and uses the polygon created by taking Euclidian distance of
the full spatial extent for this scale. A general northwest to southeast thinning is observed, but
higher estimation values are shown further east as compared with the global scale aggregate
confining unit thickness by ordinary kriging (Figure 15) suggesting thinning occurs more
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gradually across the study area. The MSE-based semivariogram and cross validation indicate that
this estimation surface outperformed the previous surfaces generated by ordinary kriging (Figure
15, Figure 21, and Figure 27). However, the resultant map product (Figure 35) does not capture
the variance present throughout the study area and smoothing occurs which corresponds to the
higher range value of over 22 km.

Figure 35: Aggregate confining unit thickness by ordinary kriging at the intermediary scale of
analysis with 317 analyzed log locations, county boundaries, MLGW wellfield boundaries (with
modeled wellfield shown in grey and labeled), significant surface water bodies, window and
recharge locations from Parks (1990), and a base map for reference.
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The MSE for this scale was 0.7292 and the residuals histogram (Figure 36) follows the
Gaussian distribution of the interpreted aggregate thickness values once they were log
transformed (Figure 33). The normal distribution indicates that error terms are independently
distributed as well.

Figure 36: Histogram for log-transformed intermediary
scale residuals
A strong spatial trend was not exhibited in the residuals plot (Figure 37) for this scale. The
removal of outlier logs in Arkansas as well as highly clustered logs at the wellfield scale along
with the use of ordinary kriging acted to smooth the estimation surface.
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Figure 37: Residuals plot for aggregate confining unit
thickness at the intermediary scale
Wellfield Scale
With the global scale maps constraining the lithologic variance throughout Shelby
County and aggregate confining unit thickness considered, exclusive of the data in the
Mississippi River Alluvial Valley at the intermediary scale, aggregate confining unit thickness
was the variable of interest at the wellfield scale. Furthermore, due to the varying sampling
intensity throughout the study area, modeling the degree of spatial autocorrelation present among
logs was a primary aim at this scale. Modeling the subsurface variance at the wellfield scale with
the ability to assess fit and estimation error made ordinary kriging the exclusive interpolation
scheme utilized at this scale.
It is important to note that each wellfield scale’s kriged estimation surface was generated
using a grid cell size that was the nearest whole integer one meter below the Euclidean distance
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between the most proximate log locations to maximize the use of the interpreted log data and
ensure there is only 1 data point per grid cell.
Davis Wellfield
The Davis wellfield is currently the southwestern most of the 24 municipal wellfields in
Shelby County and presently has 17 functioning production wells. Of the five spatially
autocorrelated wellfields, with its buffer Davis has a total area of 72 km2 making it the third
largest modeled wellfield behind Shaw and Lichterman, respectively. Despite its relatively large
land area, it had the fewest interpreted log locations at 16. Davis is situated just east of
Mississippi River bluff line and is proximal to Nonconnah Creek, which is generally classified as
a losing stream and is a backwater stream near the Davis wellfield (Larsen et al., 2013).
The semivariogram for the Davis wellfield was modeled using a spherical function and
13 binned distances. As such, the range was attained at 407 meters (Figure 38) with a sill of 178.
The range indicates that the five bins less than 407 meters apart are spatially autocorrelated and
the remaining eight binned at a distance exceeding this range are not. Of particular interest for
the Davis semivariogram is small nugget effect compare to other four spatially autocorrelated
wellfields. While the nugget effect is not easily visually observed, this modeled semivariogram
had a nugget of 1.22.
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Figure 38: Modeled semivariogram for Davis wellfield and surrounding
1 km buffer
The mean predicted aggregate upper-Claiborne thickness value for the 20 m2 grid cells
was 41.98 meters with estimation surface values ranging from 36.99 to 49.29 meters. Despite the
semivariogram’s range of approximately 0.41 km over the 72 km2 study area and a relatively
small range of estimation values, the surface was able to capture and display a fair amount of
variance in aggregate confining unit thickness. The estimation surface generated using the
modeled semivariogram in Figure 38 is displayed on Figure 39 as a complete map.

71

Figure 39: Aggregate upper-Claiborne thickness by ordinary kriging for the Davis wellfield and
1 km2 buffer at a grid size of 20 m2 with surface water features, wellfield boundary, analyzed
log locations, and indicator and base maps for reference.
The MSE for Davis was 131.22 (Table 6) and an inspection of the residuals histogram,
although the pattern is not strong due to small number of logs analyzed, reveals a right skewed
distribution (Figure 40). This skewedness towards higher residuals could be attributed to an
underlying trend of either geologic or geospatial in nature that is pushing the measured values at
known locations higher. However, the residuals plot (Figure 41) does not indicate a high degree
of spatial autocorrelation, which, if present, would mean the output surface is less reliable.
Specifically, the presence of trend would violate the model’s assumed intrinsic stationarity. The
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lower residual values, depicted in purple, are found within proximity of the highest values shown
in green.

Figure 40: Histogram of Davis Residuals

Figure 41: Residuals plot for Davis wellfield and surrounding
1 km2 buffer
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Lichterman Wellfield
The Lichterman wellfield is due east of Davis and presently has 21 functioning MLGW
production wells (Figure 1). Of the modeled wellfields, Lichterman is the second largest behind
Shaw. It is just south of Nonconnah Creek with projected window locations to the northwest and
south (Graham and Parks, 1986) (Parks, 1990). Twenty-five geophysical logs were analyzed
within the 72 km2 wellfield boundary and its 1 km buffer. Using these data, a semivariogram was
then modeled using a Gaussian function and 15 binned distances (Figure 42). The range was 441
meters meaning that four of the eleven bins are spatially autocorrelated (Figure 42). The nugget
value was 282 and the sill was 327.

Figure 42: Modeled semivariogram for Lichterman wellfield and
surrounding 1 km2 buffer
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The mean predicted aggregate upper-Claiborne thickness value for the 15 m2 grid cells
was 29.95 meters. Unsampled locations were assigned a value close to the estimation mean value
since ordinary kriging assumes a constant mean within the neighborhood of each estimation
point and these areas are not well sampled. Unlike the estimation surface for the Davis wellfield,
the estimation values exhibited a substantial range, from 13 to 91 meters. The actual values
exhibited a substantial range as well which made fitting a model for the wellfield difficult. The
estimation surface generated using the modeled semivariogram in Figure 42 is included below as
Figure 43.
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Figure 43: Aggregate upper-Claiborne thickness by ordinary kriging for the Lichterman wellfield
and 1 km2 buffer at a grid size of 15 m2 with surface water features, wellfield boundary,
analyzed log locations, and indicator and base maps for reference.

The MSE for Lichterman was 421.50 (Table 6) and the residuals histogram shows a leftskewed distribution, meaning error terms are non-normally distributed as well (Figure 44). This
skewedness toward lower residuals could be attributed to the presence of anomalously low
interpreted aggregate thickness values in the central portion of the wellfield. The residuals plot
(Figure 45) does not indicate a high degree of spatial autocorrelation, but the higher residual
values found along the western boundary of the wellfield indicate that the anomalously high
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interpreted values may be the result of a measurement error or the subsurface geology does not
match the estimated geospatial pattern.

Figure 44: Histogram of Residuals for Lichterman wellfield and
surrounding 1 km2 buffer
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Figure 45: Residuals plot for Lichterman wellfield and
surrounding 1 km2 buffer
Morton Wellfield
The Morton wellfield is the northern most of the five wellfields modeled and currently
has 16 functioning MLGW production wells. Additionally, it is the smallest modeled wellfield at
51 km2 including its 1 km2 buffer. It is situated directly south of the Loosahatchie River, which
is a gaining stream (Waldron et al., 2011). Twenty-five geophysical logs were analyzed within
the wellfield boundary and buffer. The semivariogram for the Morton wellfield was modeled
using a Gaussian function and 15 binned distances. With a range of 73,355 meters, the range was
not achieved as quickly as compared to Davis, Lichterman, and Shaw (Figure 46) (Table 6). This
translates to a higher degree of spatial autocorrelation among logs within the wellfield with eight
of the binned distances exhibiting spatial autocorrelation. The corresponding sill value was
30,419. While a nugget is observed with a value of 238, it is not nearly as significant as the
nugget effect within the Lichterman wellfield’s semivariogram. The sill value was 30,419.
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Figure 46: Modeled semivariogram for Morton wellfield and surrounding
1 km2 buffer
The mean predicted aggregate upper-Claiborne thickness value for the 10 m2 grid cells
was 67.18 meters, which was the highest mean wellfield scale estimation surface mean value.
Being the northwestern-most modeled wellfield, higher values are expected based on the overall
thicker confining unit (Parks and Carmichael, 1989). The output surface (Figure 47) indicates a
general west to east thinning of the upper Claiborne across the wellfield.
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Figure 47: Aggregate upper-Claiborne thickness by ordinary kriging for the Morton wellfield and
1 km2 buffer at a grid size of 10 m2 with surface water features, wellfield boundary, analyzed
log locations, and indicator and base maps for reference.
The MSE for Morton was 687.51. The residuals histogram for Morton (Figure 48)
follows a normalized distribution, indicating that error terms are normally distributed as well. An
examination of the residuals plot (Figure 49) does not indicate any strong spatial pattern at play
in regard to error distribution. The high degree of clustering present is likely the strongest
influencing factors for the estimation surface’s appearance within Morton. Given that logs
TN157_000281 and TN157_002782 in the northwestern portion of the wellfield along Egypt-
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Central Road (Figure 47) are separated by only 11 meters, intense clustering exists and the
output surface was gridded at 10 m2 which lead to a gradational thinning pattern west to east
across the wellfield, following the actual interpreted values.

Figure 48: Histogram of Residuals for Morton wellfield and
surrounding 1 km2 buffer
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Figure 49: Residuals plot for Morton wellfield and surrounding
1 km2 buffer
Shaw Wellfield
The Shaw wellfield is in the eastern portion of Shelby County just outside of the
presently understood recharge area for the Memphis aquifer and currently has 17 functioning
production wells. Shaw is the largest of the modeled wellfields at 78 km2 including its buffer. It
is situated due north of the Wolf River and is the least proximate to suspected window locations.
Twenty-three geophysical logs were analyzed within the wellfield boundary and its buffer. The
semivariogram for the Shaw wellfield was modeled using a Gaussian function and 15 binned
distances which resulted in a range value of 63 m (Figure 50). This range value was the least of
the five modeled wellfields (Table 6), indicating weaker spatial autocorrelation among logs
within the wellfield.
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Figure 50: Modeled semivariogram for Shaw wellfield and surrounding
1 km2 buffer
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Figure 51: Aggregate upper-Claiborne thickness by ordinary kriging for the Shaw wellfield and 1
km2 buffer at a grid size of 75 m2 with surface water features, wellfield boundary, analyzed log
locations, and indicator and base maps for reference.
The mean predicted aggregate upper Claiborne thickness value for the 75 m2 grid cells
was 36.75 meters. The output surface, shown in Figure 51 exhibits a “bullseye” pattern in which
there is little variance outside of the sampled locations. The lesser degree of spatial
autocorrelation among points contributes to this pattern, but appears to be a result of the structure
of the points combined with the relatively larger grid cell size of 75 m2 and larger mapping area
of 78 km2.
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The histogram of the residuals for Shaw showed left skewed pattern indicating possible
underestimation (Figure 52). However, the resultant lower mean estimation value fits with the
overall behavior of the upper-Claiborne within Shelby County (Parks and Carmichael, 1989).
There is no readily apparent spatial pattern to the residuals distribution (Figure 53).

Figure 52: Histogram of Residuals for Shaw wellfield and
surrounding 1 km2 buffer
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Figure 53: Residuals plot for Shaw wellfield and surrounding
1 km2 buffer
Sheahan Wellfield
The Sheahan wellfield is in the south-central portion of Shelby County and presently has
22 functioning production wells. Of the five modeled wellfields, Sheahan is the most understood
hydrogeologically and its characteristics are well constrained (Nyman, 1965; Graham and Parks,
1986; Parks, 1990; Larsen et al.,2013). Prior investigations have confirmed the presence of a
window through geophysical and geochemical evaluations (Nyman 1965; Graham and Parks,
1986; Parks, 1990; Larsen et al. 2013). It is situated just north of Nonconnah Creek (Figure 1)
(Larsen et al., 2013). Thirty-three geophysical logs were analyzed within the 67 km2 wellfield
boundary and its buffer.
The semivariogram for the Sheahan wellfield was the only wellfield modeled using an
Exponential function. There were 15 distance bins which resulted in a range of 26,151 meters
which was the highest of the modeled wellfields (Table 6) (Figure 54). In turn, the Sheahan
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wellfield exhibits the greatest amount of spatial autocorrelation among log locations with
locations separated by just over 26 km still displaying spatial autocorrelation (Table 6) (Figure
54). The corresponding sill values was 10,8116 and the nugget was 354.

Figure 54: Modeled semivariogram for the Sheahan wellfield and surrounding
1 km2 buffer
The mean predicted aggregate upper Claiborne thickness value for the 25 m2 grid cells
was 47.78 m. The output surface for Sheahan (Figure 55) is best able to capture the varying
thickness of the upper-Claiborne present at the wellfield scale.
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Figure 55: Aggregate upper-Claiborne thickness by ordinary kriging for the Sheahan wellfield
and 1 km2 buffer at a grid size of 25 m2 with surface water features, wellfield boundary,
analyzed log locations, and indicator and base maps for reference.
The MSE for Sheahan was 800.74 (Table 6) and the residuals histogram (Figure 56)
exhibited normally distributed pattern. Lower residual values appear to be distributed primarily
in the central and southern portion of the wellfield with higher residual values concentrated in
north-central and northwestern portion of the wellfield where the confining unit is thickest
(Figure 55 and Figure 57).
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Figure 56: Histogram of Residuals for Sheahan wellfield
and surrounding 1 km2 buffer
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Figure 57: Residuals plot for Sheahan wellfield and surrounding
1 km2 buffer
Table 7: Summary table for wellfield scale mapping

Wellfield
Davis
Lichterman
Morton
Shaw
Sheahan

Total
Area
(km2)
72
73
51
78
68

Number
of Logs
16
25
25
23
33

Ordinary Kriging
Grid Cell
Mean
Size
Estimation
(m2)
Value (m)
20
41.98
15
29.95
10
67.18
75
36.75
25
47.78

Range
(m)

Sill

Nugget

MSE

407
441
73,355
63
26,151

178
327
30,419
433
10,816

1.22
282
217
327
354

131.22
421.50
687.51
848.50
800.74

In order to contextualize the results of the surfaces generated using ordinary kriging at the
wellfield scale, Figure 58 includes each of the five modeled wellfields overlain on the global
scale aggregate upper confining unit thickness surface generated using IDW (Figure 11). This
surface was chosen over kriged surface shown on Figure 15 as the IDW generated surface
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displays localized trends at sample locations for upper confining unit thickness. This wellfieldscale variance that the modeled surface smoothed provides a better visual backdrop for
inspecting the wellfield surfaces in terms of their expected behavior.
While the global scale IDW surface displayed inter-wellfield variance such as that within
the McCord wellfield, the wellfield-scale ordinary kriging surfaces were able to capture variance
within Morton and Davis that was captured at the global scale. Additionally, the Sheahan and
Lichterman wellfields displayed variance, but the modeled surfaces for these wellfields were
able to illuminate where thinning was occurring and a general thickness value to expect within
the wellfield. Conversely, the kriged surface within the Shaw wellfield resulted in no added
benefit. Given that production wells are drawing on deep groundwater from directly beneath
these wellfields, the greatest hydraulic gradient facilitating downward vertical migration of water
from the Shallow alluvial and fluvial aquifers exists within these boundaries. While the thinning
and characteristic behavior of the upper-Claiborne at the global scale must be understood, interaquifer communication is a well-field scale issue. The estimation of aggregate confining unit
thickness values produced varies as a function of scale and understanding inter wellfield
dynamics is vital to hydrologic window location placement.
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Figure 58: Modeled wellfield estimation surfaces (outlined in red) overlain on Global Scale
aggregate upper-Claiborne by IDW with wellfield boundaries, windows and recharge boundaries
from Parks (1990), major surface water features and southern boundary of Shelby County
shown.
DISCUSSION
The Global Scale
While the initial phase of this project focused on maximizing the number of geophysical
logs interpreted with the aim of being able to establish county-wide trends, the influence of
varying sampling intensity, and resultant spatial dependency present, was not appropriately
considered. The dataset, created from an attempt to exhaustively interpret all available
geophysical log data, suffered from areas of extremely sparse log control contrasted with areas of
intense clustering. This contrasting pattern within the study area was not well served by IDW,
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which localized its predictions. Ordinary kriging better modeled the behavior of the upperClaiborne, but only after a log transformation which linearized the data for model fitting.
When undertaking a geospatial investigation of geophysical data and interpreting the
hydrologic significance, these disciplines are often at odds. Specifically, the variogram modeled
on Figure 14 is a reasonably precise fit for 430 geophysical logs across nine counties. However,
the output estimation surface it generated (Figure 15) did not depict the localized variance in
aggregate upper-Claiborne confining unit thickness that Parks (1990) defined at the sub-wellfield
scale. Subsurface variance, and by association, geologic significance is more easily interpreted at
larger scales. The scale-dependent changes in outcome are illustrative of the modifiable aerial
unit problem described by Openshaw (1934) in which unit boundaries that include or exclude
particular data points will alter the outcome of a study.
The aggregate isopach maps (Figure 11 and Figure 15) display the highest values in
northwestern Shelby County with a gradual southeastern thinning with the upper-Claiborne
reaching zero approximating the known outcrop of the Memphis Sand in Fayette County. The
rate of thinning is displayed occurring much more rapidly and further westward on the IDW
generated map (Figure 11) when compared to the kriged map (Figure 15). The south-central and
southeastern portions of Shelby County proximate the Sheahan and Lichterman wellfields are
shown to have a relatively thin upper-Claibrone present. In addition to thinning, the upperClaiborne also undergoes a lithologic transition in the area as the IDW and kriged surfaces
(Figure 18 and Figure 21) indicate little clay is present locally. Due to the modeled nature of the
kriged estimation surface (Figure 18), a higher clay content is shown in Sheahan while a median
amount is shown in Lichterman. The IDW surface (Figure 18) is able to capture the lack of clay
present in upper-Claiborne proximate the Lichterman wellfield. The maps of sand content
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(Figure 24 and Figure 26) indicate a relatively high presence in the Davis, McCord, and Shaw
wellfields as well as east of Lichterman. However, Shaw and Litchterman are of highest concern
as the other three appear to be underlain by a relatively thicke upper-Claiborne.
Inverse Distance Weighting
The bullseye patterns observed on Figure 11 largely fit within the characteristic behavior
of the upper-Claiborne at those locations (Parks, 1990). A gradual northwest to southeast
thinning of the confining unit is observed in which the thickest values of over 100 meters are
found in the northern portion of the study area (Figure 11). The estimation surface for the southcentral and southeastern portions of Shelby County closely matches the Parks (1990) window
locations, particularly the windows located in proximity to the Lichterman wellfield in the
Nonconnah Creek watershed.
This IDW surface is novel in its estimations generated for northeastern Shelby County, in
which the Memphis aquifer was previously thought to have been overlain by a thick upperClaiborne of primarily clay lithology. Unlike the northwestern portion of Shelby County, this
portion of Shelby County contains a high data density. This dense data control, coupled with the
exclusive consideration of the inverse distance function indicates the potential for
communication in this area. Likely, thinning of the undivided upper-Claiborne occurs in a
northerly direction across the county’s subsurface from the Mississippi River bluff line toward
the recharge area. Another notable deviation from the Parks (1990) window locations is the
assignment of values approximating the mean of approximately 37 meters in the area around
Presidents’ Island where Parks has assigned a sizeable window. An important caveat when
inspecting this map is the variable being depicted across the study area, which is overall
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interpreted thickness in meters without consideration of internal composition or lithologic
variance throughout the study area.
Ordinary Kriging
When aggregate upper-Claiborne confining unit thickness is considered at the global
scale with the entirety of the dataset, 430 analyzed logs, used for ordinary kriging, distinct
patterns emerge. Generally, the modeling undertaken prior to surface creation leads to a
smoother surface, which is less ridge preserving than IDW. Similar to the estimation surface
generated using IDW at this scale, the highest upper-confining unit values are found in the
northwestern portion of Shelby County and a general thinning to the southeast is observed.
However, lower values are found in the north-central portion of the county where previous
studies have indicated the presence of the confining unit with a clay-rich composition (Parks and
Carmichael, 1989) (Parks 1990). A key feature of the estimation surface shown in Figure 15 is its
general agreeance with previous hydrologic studies in regard to the recharge area’s boundaries
(Graham and Parks, 1986; Parks and Carmichael, 1990; Parks, 1990; Kingsbury and Parks, 1993;
Waldron et al, 2011). However, this surface deviates from the IDW map in that it depicts the
confining unit as gradually thinning into complete absence in southern Fayette County and does
not show either as rapid a rate of thinning or lower thickness values in east-central Shelby
County. This thinning of the basal portion of the upper-Claiborne, however abrupt or gradual, is
taken to be concurrent with the upper Memphis Sand rising to, and eventually reaching, modern
land surface. These differences primarily stem from the lack of county-wide interpolation
employed in previous work (Parks, 1990).
As with the IDW map of overall confining unit thickness for this scale (Figure 11), the
Parks (1990) window locations are in general agreement with the localized thinning using
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ordinary kriging. Two important departures from the IDW surface are observed in the kriged
surface, the first of which is the thinning indicated in southwestern Shelby County proximal to
Presidents’ Island. Lower values are estimated in this area for the kriged estimation surface,
which is shown to be present despite the noticeable lack of geophysical logs having been run in
the area. The second notable difference in this surface as compared to the IDW surface is the
higher overall estimation at unsampled locations, and thus greater confinement of the Memphis
aquifer, shown further east within Shelby County. Despite this difference, the eastern-most
window location from Parks (1990), the Shelby Farms landfill site, is shown to be in an area of
relatively thin confining unit estimation values. The mean predicted value at this scale is only
marginally higher than the log-based value of 2.70 meters for the intermediary scale and can
most probably be attributed to the higher interpreted values present in the Arkansas logs as well
as the inclusion of highly confined wellfields such as Morton.
Global Scale Clay Composition by Inverse Distance Weighting
When comparing the estimation surface generated for the internal clay composition of the
upper-Claiborne confining unit (Figure 18) to the IDW surface created for the aggregate
confining unit thickness (Figure 11), the clay-rich portion of the upper-Claiborne is primarily
observed in the north-central portion of Shelby County, concurrent with the higher estimation
values for aggregate confining unit thickness. While the highest values for aggregate thickness
are observed in the northwestern portion of Shelby County along the border with Tipton County
in the aggregate thickness estimation surface by IDW, the confining unit appears to have little to
no clay content in this area when the clay content IDW surface (Figure 18) is considered. These
surfaces are largely in agreement outside of that, meaning that those areas where the upperClaiborne is thickest correspond to those areas with the highest clay content. However, the clay-
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rich portion thins eastwardly more rapidly than the overall confining unit. In terms of the Parks
(1990) windows locations, the aggregate upper confining unit thickness estimation surface
generated by IDW and estimation surface for internal clay composition corroborate the likely
presence of inter-aquifer communication proximate to the Lichterman wellfield and at the Shelby
Farms Park landfill. Another area of concern is the northeastern portion of Shelby County which,
as indicated by IDW-generated estimation surface (Figure 18), is shown to have a thin upperClaiborne with relatively little clay content.
Global Scale Clay Thickness by Ordinary Kriging
The estimation surface generated for the clay composition of the upper-Claiborne
indicates thickness values in exceedance of 30 meters in the central and north-central portion of
Shelby County (Figure 21). Coupled with the higher aggregate thickness values in this area
generated by both IDW and ordinary kriging and the quantity of good log data in this area, it can
be said the greatest amount of confinement is present this portion of the study area. As opposed
to the aggregate confining unit’s estimation surface generated using ordinary kriging (Figure 15),
the clay content is shown to thin most rapidly from southeast to northwest, starting between the
Allen and Sheahan wellfields and extending into Tipton County, Tennessee, and Mississippi
County, Arkansas. As with the estimation surface for clay content generated using IDW (Figure
18), this kriged surface shows the upper-Claiborne’s lithology to be primarily silt and sand size
grains in the northwestern most portion of Shelby County, despite aggregate thickness values of
well over 50 meters (Figure 15 and Figure 21). Although the clay content’s thinning occurs at a
more gradual rate than the aggregate confining unit, the upper-Claiborne underlying northeastern
portion of Shelby County extending into Tipton and Fayette counties is shown to contain little to
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no clay which, along with the observed relatively thin aggregate confining unit, exposes the
potential for communication.
These factors indicate the Mallory and Morton wellfields are the most confined with the
greatest amount of clay content. The Sheahan wellfield is shown to have clay content ranging
from 15 to 20 meters, placing it in the median range. The estimation surface shown on Figure 21
shows a distinct lack of clay content present in the southwestern portion of Shelby County
proximate the Lichterman wellfield. Of the data dense wellfields, the upper-Claiborne proximate
to Shaw is shown to contain the least clay content, which fits the overall established model of
thinning and recharge in the study area.
Global Scale Sand Composition by Inverse Distance Weighting
Given the small range of values for this variable along with presence of 239 zero values,
IDW was able to capture the site-specific presence or absence of sand beds within the upperClaiborne across the study area. As opposed to a smoother, modeled surface such as the one
generated using ordinary kriging on Figure 27, Figure 24 indicates localized sand content. There
are significant concentrations of sand shown to be present in the northern most portion of Shelby
County (Figure 24) where IDW also generated low estimation values for aggregate thickness on
Figure 10. Another area where communication is likely occurring is Lichterman wellfield.
Global scale maps indicated a relatively thin aggregate confining unit (Figures 10 and 15), little
clay content (Figures 18 and 21), and over 80 meters of sand present directly south and west of
the wellfield boundary (Figure 24). The upper-Claiborne beneath the Shaw wellfield is also
shown to contain significant sand composition by IDW generated estimates, although this
follows the accepted model of thinning (Parks and Carmichael, 1989; Parks, 1990). When
viewing the estimation surface for sand content on Figure 24 it is important to note that the zero
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values shown by localized depressions around log locations are a result of the geophysical logs
indicating essentially no aggregate confining unit present at these locations, meaning there was
also zero meters of sand present.
Global Scale Sand Composition by Ordinary Kriging
Generally, sands were not present in significant enough quantities within the upperClaiborne to register on geophysical logs analyzed in this study. Using a conservative pick
strategy that only assigned a sand designation to distinct interbedded sands, ultimately not much
spatial auto correlation existed for modeling. The estimation surface shown in Figure 27 is weak
in that the range was achieved so quickly not much meaningful prediction is able to take place.
The medium to high sand content is generally not of concern in the central portion of the study
area where the aggregate confining unit is thickest, but the southeastern portion of the county
where the confining unit is relatively thin with little to no clay content is also shown to contain a
sandy composition. The IDW and ordinary kriging surfaces (Figure 24 and 27) both indicate
high potential for communication in the Sheahan, Lichterman, and Shaw wellfields. Ultimately,
the IDW estimation surface is better able to display those areas where the upper-Claiborne
contains the greatest amount of sand as the kriged model holds little predictive power between
and among log locations.
The Intermediary Scale
In order to increase estimation surface performance and explore the thinning of the
upper-Claiborne as a scale dependent process, the intermediary scale drew upon 117 fewer logs
than the global scale. As previously mentioned, the five logs located in the Mississippi River
Alluvial Valley were not included in the estimation surface generated at the intermediary scale.
The remaining 318 geophysical logs included in this level of analysis are best understood as
those which do not fit into any other known category of spatial dependence. The removal of the
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Arkansas logs was based on well constrained understanding of differing subsurface geology in
the area which did not match with the eastern three quarters of the study area. Removing the logs
from the finer well field scale based on differing behavior as well resulted in little variance or
localized patterns emerging for the estimation surface generated using ordinary kriging. This
scale was ultimately too small to appropriately model and capture variance in the upperClaiborne and suffered from the removal of the highly clustered data at the wellfield scale. The
use of ordinary kriging with its assumed estimated mean led to weak spatial autocorrelation
among log locations and a smoothed surface. However, this scale was in general accordance with
the Parks (1990) window locations. The recharge area seems reasonably constrained as well and
generally agrees with the intermediary scale aggregate confining unit thickness surfaces
generated by IDW and ordinary kriging (Figure 31 and Figure 35). Overall, the removal of
outlier data points in Arkansas had little influence on surface generation using IDW at this scale
and this method is best utilized in areas of uniformly dense data control.
Aggregate Confining Unit Thickness by Inverse Distance Weighting
The IDW surface depicted in Figure 31 displays a “peaks and pits” effect due to the
assumption that the influence of the interpreted aggregate thickness value for each log location
diminishes with distance. This effect is strongest in Fayette County where sampling is
sufficiently dense and fairly uniform. The majority of the 1,650 km2 that comprise this analytic
unit do not have the same degree of constraint and the areas with the sparsest data control were
of the most interest at this scale of analysis.
While the overall northwest to southeast thinning of the upper-Claiborne is observed, the IDW
surface at this scale deviates from the Parks (1990) windows, particularly in the southwestern
portion of Shelby County. This is most probably a function of poor local data control and lack of
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predictive power. Generally, thinning is depicted as occurring more rapidly in in the southcentral portion of Shelby County at this scale likely owing to the absence of higher interpreted
aggregate confining unit values in Arkansas and at the modeled wellfields.
Aggregate Confining Unit Thickness by Ordinary Kriging
The range value for this scale, 22,261 meters, was of particular interest in that 10 of the
15 distance bins were spatially autocorrelated. Of the nine spatial dependency models developed
using a fitted semivariogram, this scale’s fit, shown in Figure 34, was the best. However,
empirically this can be attributed to the removal of the outlier Arkansas logs as well as the highly
clustered, highly variable logs at the wellfield scale. A smooth surface resulted and a gradual
thinning is observed throughout Shelby County. Although the model performed well under
estimation error analysis, this scale ultimately represents a loss of information and is not the
appropriate analytic unit at which to perform modeling. The highly clustered distribution of the
data and heteroscedastic spatial dependencies in the dataset reflect the complex physical reality
of the upper-Claiborne confining unit’s thinning and localized absence. Although the removal of
highly clustered and outlier logs makes for better model fitting over a smaller land area, but
largely misses the stated aim of the project. However, it reinforces the need for a multi-scale
consideration of this issue.
The Wellfield Scale
Of the five modeled wellfields, Sheahan, Lichterman, and Shaw were the most pertinent
to constraining window locations. Although Morton is not near any presently confirmed
windows and the window location for Davis is off the Mississippi River bluff line, these
wellfields were included to help establish the varying degree of spatial dependency present at the
wellfield scale. Ultimately they helped illustrate the difficulties encountered when attempting to
create a generalized model at the global scale and reinforce the need for a multi-scaled approach.
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The global scale aggregate confining unit isopachous maps (Figures 11 and 15) along with the
accompanying lithological maps (Figures 18, 21, 24, and 27) suggest that south-central and
southeastern Shelby county contain the the greatest potential for communication.
Localized downward vertical recharge to the Memphis aquifer has been confirmed within
the Sheahan wellfield by a variety of methods (Parks et al., 1995; Larsen et al., 2003; Gentry et
al., 2006; Ivey et al., 2008; Koban, 2008). Larsen et al. (2003) modeled tritium conveyance from
the Shallow to Memphis aquifer. Gentry (2005) used hydrogeochemical tracers as well as tritium
data to confirm these finding. Ivey (2008) explored this active communication within the
wellfield with an inverse age-distribution model based on tritium/helium-3 dating.
This study also confirms this wellfield as a highly probable location for inter-aquifer
communication as the upper-Claiborne reaches thickness values of less than 40 meters in the
south-central and southeastern portion of the wellfield based on the modeled estimation surface
(Figure 54). The lithologic estimation surfaces (Figure 18, Figure 21, Figure 24, and Figure 27)
indicate a primarily a clayey-silt or silty-sand composition. Both the 2005 and 2015 water table
elevation contour indicate a localized depression within the wellfield itself (Figure 59 and Figure
60).
The Lichterman wellfield, located southeast of Sheahan, is not as well constrained but the
aggregate confining unit thickness maps (Figures 10 and 15) suggest little confining unit is
present within the wellfield. The upper-Claiborne appears to be undergoing a lithologic transition
in this portion of the county as well with little to no clay present (Figures 18 and 21) and a
relatively high sand content (Figure 27). The placement of a window by Parks (1990) in this area
is further supported by an anomalous depression in the water table directly northeast of the
wellfield (Figure 59 and Figure 60). The 2005 and 2015 water table contour maps depict the
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lowest water table elevations within Shelby County in this area suggesting shallow groundwater
is flowing towards this depression. The low water table elevation alongside the thinning
confining unit which is primarily composed of silts and sand as well as 21 active production
wells drawing on deep groundwater indicate there is likely communication within the
Lichterman wellfield.
Although Parks (1990) does not place a window proximate to Shaw, the behavior and
lithology of the upper-Claiborne locally indicate a high potential for communication. Although
this communication may be classified as primary recharge, it is nonetheless likely occurring
within the wellfield’s boundaries.
Ultimately, the distribution of the geophysical logs analyzed in this study was the
influencing factor. In an urban area such as Shelby County whose public supply water is
provided though a municipal utility such as MLGW, those boreholes drilled and logged to an
appropriate depth as to make contact with the upper Memphis Sand will be clustered around well
fields. While not all logs analyzed were developed into production wells, the exploratory process
for production well development and construction governed the spatial clustering of data points
used in the analysis. On the basis of this clustering, the wellfield scale contained high quality
logs proximate to one another which made it readily available for modeling. Since the majority
of water for public supply uses is withdrawn from the Memphis aquifer within these wellfield
boundaries, understanding the subsurface characteristics at the wellfield and sub-wellfield
dynamics is essential. The accuracy of the surfaces generated can be evaluated by a qualitative
comparison of a field-based geologic studies.
The results at this scale are largely in agreeance with the locations for high potential for
communication that Parks (1990) suggested. Particularly, the southeastern portion of the
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Lichterman wellfield, which may be exposed along the central and northwestern portions as well
(Figure 59 and Figure 60). More research is needed to better characterize the subsurface in the
area east of the McCord wellfield. While the global scale IDW map (Figure 14) was able to
capture inter-wellfield variance, there is a marked lack of logs present east of the wellfield where
the 2005 and 2015 water table elevation (Figure 59 and Figure 60) exhibits an anomalous
depression. The area between Interstate 55 and U.S Highway 78 along Nonconnah Creek which
Parks (1990) prioritizes was not shown to be as likely to be experiencing communication as were
the areas directly east of there, although the confining unit is likely transitioning to a silt and
sand lithology and water table elevations are low with depressions proximate (Figure 24, Figure
27, Figure 59 and Figure 60). The last of the Parks (1990) areas for high potential
communication was and an area west of Olive Branch, MS (Figure 3) which this study cannot
confirm on the basis of geophysical log interpreation.
Secondary Variables
While the multi-scale modeling of spatial autocorrelation among analyzed logs was the
primary geostatistical aim of this project, contextualizing the results in hydrogeologic terms
involved the inclusion of datasets from prior investigations. The varying water table elevation
throughout Shelby County between 2005 and 2015 was one vital secondary source of
information utilized to increase the relevance of this study’s data in constraining window
locations. Another consideration is that of faulting, which is an explanatory variable explored by
Kingsbury and Parks in 1993 as well as subsequent studies (Velasco, 2002; Deen, 2006; Stevens,
2007; Koban, 2008).
Shelby County Water Table Elevation
For both the 2005 water table elevation map (Figure 59) and the 2015 map (Figure 60),
the highest elevations are found in the northern-most portion of Shelby County. For the 2005
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contours, the water table elevation in northeastern Shelby County is shown between 260 and 300
feet above MSL. In 2015, the values range from 240 to 300 feet above MSL. While a slight
variation in water table depth may have occurred between gauging events, these values are
significant in that they decrease the likelihood that communication is occurring in this area,
despite thinner than previously thought confining unit overlying the Memphis aquifer.
While these maps are generally in agreement for the northern-most portion of Shelby
County, the 2005 map indicates water table elevations in exceedance of 300 feet above MSL
along the Tennessee and Mississippi border along the southern border of Shelby County. The
2005 map indicates water table elevations of 280 feet above MSL in this same region. These
higher values are proximate to the lowest elevations in the county, so the difference between
indicates the strength of the gradient present in an area which is likely experiencing localized
communication.
The high potential for communication in the depression occurring within and between the
Sheahan and Lichterman wellfields is readily apparent when considering water table trends. The
2005 contours exhibit two depressions in which the water table sinks to 200 feet above MSL.
The edge of this depression is approximately three km from a perched water table of 300 feet
above MSL to the east of Sheahan, indicating a gradient along which shallow groundwater flows
toward the depression which is underlain by a mere 30 meters of silty and sandy confining unit
in the Sheahan wellfield. Another such gradient exists southeast to northwest below the
Lichterman wellfield (Figure 59). The same perched water table elevations are observed in the
2015 contours, but the highest values are shown to exceed 320 meters above MSL. This suggests
the presence of a stronger gradient through time increasing shallow groundwater flow to the 200
foot depression (Figure 60). With 43 production wells currently active between the two
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wellfields, a mean aggregate confining unit thickness estimation value of less than 30 meters for
Lichterman, a primarily silt and sand upper-Claiborne lithology locally, and the depth at which
the water table is encountered, placement of three windows in this area by Parks (1990) is sound
on the basis of this analysis (Figure 24, Figure 27, Figure 59, and Figure 60) (Table 6).
Figure 60 showed the lowest water table elevations in 2005 within the county are in the
south-central portion of the county indicating high potential for communication in the Sheahan
and Lichterman wellfields and confirming the placement of a window in the area by Parks
(1990). When compared to water table developed for 2015 (Figure 60), there was a recovery
between 2005 and 2015 meaning the water table is presently encountered at shallower depths
than in the past. However, the different methodologies employed between the two investigations
described in Section 2.1.1, should be considered when comparing Figures 59 and 60.
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Figure 59: 2005 water table elevation contours along with modeled wellfield estimation surfaces
overlain on global scale aggregate upper-Claiborne by IDW with wellfield boundaries, windows
and recharge boundaries from Parks (1990), major surface water features and county boundaries
shown. Indicator map displaying area of high importance.
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Figure 60: 2015 water table elevation contours along with modeled wellfield estimation surfaces
overlain on Global Scale aggregate upper-Claiborne by IDW with wellfield boundaries, windows
and recharge boundaries from Parks (1990), major surface water features and county boundaries
shown. Indicator map displaying area of high importance.
Faulting
Following the 1990 work by Parks, Kingsbury and Parks (1993) investigated the role that
fault zones within Shelby County may be contributing to inter-aquifer communication. When
present, Eocene faulting acts to vertically displace the Memphis Sand which provides a pathway
for waters within the water table aquifer to mix with the Memphis aquifer. Kingsbury and Parks
(1993) mapped northeast-southwest and northwest-southeast striking faults, to which Velasco
(2002) contributed the Ellendale Fault. The dataset utilized in this study was Deen et al (2006)
which includes the Memphis, Ellendale, and four inferred faults.
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The greatest influence of faulting is observed along the Ellendale fault in eastern Shelby
County (Figure 61). The 2005 water table elevations display as much as 140 feet of difference on
either side of the fault along with a notable change in confining unit thickness suggesting vertical
displacement of the upper-Claiborne. The inferred fault placed between the Lichterman and
Shehan wellfields by Deen et al (2006) in Figure 61 may be acting to perch shallow groundwater
and contribute to the interpreted gradient described in Section 4.2.1. The west to east thinning of
the upper-Claiborne in Morton wellfield (Figure 47) follows the path of the Memphis fault,
however the range in interpreted aggregate thickness values is small enough to suggest minimal
displacement.
Faulting is unique among the secondary datasets in that it is an explanatory variable. In
addition to confirming window locations and indicating where downward vertical migration of
younger waters may be occurring, faulting offers the ability to explore the underlying cause of
inter-aquifer communication. The Kingsbury and Parks (1993) study did not find any areas
within Shelby County where faults displaced the Cook Mountain Formation. As it relates to a
potential hydrologic connection between the Shallow and Memphis aquifer, faulting’s role stems
from uplift of blocks that are bounded by faults which leads to erosion of the upper-Claiborne
and this thinning creates a higher potential for inter-aquifer communication (Kingsbury and
Parks, 1993). In 1997, Robinson et al. modeled the hydrologic influence of fault offset in
northwest Shelby County.
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Inferred

Figure 61: Deen et al (2006) fault locations with 2005 water table elevation contours and
modeled wellfield estimation surfaces overlain on Global Scale aggregate upper-Claiborne by
IDW with wellfield boundaries, windows and recharge boundaries from Parks (1990), major
surface water features and county boundaries shown.
Limitations of the Study
The evaluation of 722 logs with the ultimate analysis of 430 logs sought to increase the
sample size and to minimize inconsistencies or issues with the raw data for this study. However,
biases in using geophysical logs primarily arise from two sources: incorrect interpretation of the
geophysical signal or issues with the signal itself.
Despite following established guidelines such as Gomberg (2003) and considering the
picks made in previous studies which drew on many of the same logs (Parks, 1990; Kingsbury
and Parks, 1993; Waldron et al., 2011), interpretation and analysis is ultimately a subjective,
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interpretive process. The picks made, and corresponding placement of each of the subsurface
units, was overseen by experts on a routine basis, but once these picks were finalized the numeric
values associated with them were treated as fact for the geostatistical analysis. Using geophysical
logs as the sole source of data, without a field-based component to confirm the predictions
generated by the estimation surfaces, represents a weakness of this study. Issues arise such as the
potential misclassification of clays within the loess unit as the start of the upper-Claiborne based
on a characteristic clay response when these clays may be intercalated silty and sandy clay
stringers or resorted loess which are not capable of restriction the migration of water through the
subsurface. Another issue stems from the quality of the signals themselves being improperly run
by the operator and instrument miscalibration or downhole recalibration obscuring the lithologic
interpretation.
CONCLUSIONS
The Memphis aquifer is the source of nearly all public supply water in Shelby County
and southwestern Tennessee and the quality of this resource is threatened by a heightened urban
pumping regime which creates a gradient along which contaminants can readily travel. When
considering the potential for possibly contaminated young surface and near surface waters to
vertically migrate through the subsurface and mix with older waters in the Memphis aquifer, a
geospatially focused approach at a variety of scales furthers the understanding of this issue which
cannot be accomplished solely by field-based investigations. With a large enough sample size
and emphasis on consistency, the analysis of geophysical logs provides important information on
varying subsurface lithology over the study area.
A scale dependent approach was vital to accurately assessing the potential for interaquifer communication in the presence of varying sampling intensity with highly clustered data.
Additionally, the variables of interest, aggregate thickness and relative lithology, displayed non111

uniform and highly variable behavior across the study area. These variables displayed
substantially different trends as a function of the scale at which they were considered. When
utilizing multiple interpolative schemes, an understanding of the global trend should be present,
but assessing larger scale variation.
The global scale estimation surfaces using deterministic and geostatistical methods
revealed that constraining window locations is ultimately too small and is severely hampered by
areas of sparse data control. Larger scale trends were shown to be present in the data that were
not able to be accounted for at this small of a scale.
The consideration of the intermediate scale yielded the best fit statistical model of spatial
dependency, but equated to a loss of information as it did not include the highly variable
modeled wellfields.
The wellfield scale, the largest of the subsurface spatial dependency scales, was the ideal
scale at which to consider the potential for inter-aquifer communication within Shelby County.
However, smaller scale maps and a general understanding of localized subsurface characteristics
must be considered in conjunction with these modeled surfaces. At the wellfield scale water table
elevations along with lithology of the upper-Claiborne confirmed that communication is likely
occurring within the Sheahan, Lichterman, and Shaw wellfields. While communication has been
confirmed through geochemical studies within Lichterman, the geospatial modeling of
interpreted geophysical data analyzed in this study can only be said to indicate a high potential
for communication. The Lichterman and Shaw wellfields also indicate a high potential for interaquifer communication to be present on the basis of their modeled estimation surfaces, lithology,
and the water table within the wellfields’ boundaries, but further studies of a geochemical nature
are needed to confirm this.
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